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ABSTRACT 

Wood is an important building material that has been used for thousands of years throughout 
the world. It is the most widely used building material and due to its characteristics suitable 
for a wide range of applications. Still, for the last century steel and concrete have been the 
materials of choice for large buildings. Part of the reason for this is the lack of knowledge in 
the industry regarding timber construction. Now that the environmental problems such as 
climate change get more and more attention, there is an opportunity for timber as a building 
material and the manufacturers of timber products to increase its popularity. 

Cross-Laminated Timber, or CLT, is a relatively new product. First introduced in the early 
1990’s in Austria and Germany, now gaining popularity in residential and non-residential 
applications in several countries around the world. The panels normally have 3 or more layers 
of side-by-side placed boards, that are stacked crosswise at a 90 degree angle. The boards are 
glued on their wide faces and may or may not be glued together on their narrow faces. 

The Derix Group, a company with a vast experience in the timber industry, specializes in 
laminated timber constructions and are interested in developing a new panel configuration. 
The idea is that by relocating boards from the middle layer of a CLT element, to a more 
favourable position, material usage can be optimized. 

A problem definition is formulated and used to derive the research questions that form the 
direction of the thesis. The research questions are related to the possible advantages and the 
consequences of the Hollow Core Cross-Laminated Timber (HCCLT) configuration. 

The first thing that is done in order to investigate the possibilities, is research into the 
manufacturing process and the structural design of CLT. As a relatively flexible building 
material with a low dead weight, the design of CLT is often determined by serviceability 
criteria, such as deformation and vibration. However, the rolling shear properties of the 
cross-layers can control the design, it influences the effective bending stiffness and stress 
distribution. It also causes a larger deformation due to shear than for other wood based 
products. Since there is not one specific design method, the most common methods are 
researched and described. 

▪ The composite theory 

▪ The mechanically jointed beams theory 

▪ The shear analogy 

 

To determine how the existing methods perform and to investigate the structural behaviour 
of a HCCLT element compared to a CLT element, the methods are used to calculate 
different configurations in order to compare the results. 

The knowledge obtained during the research and calculations is then used to model a 
HCCLT element. Different models are made in order to investigate the behaviour during 
manufacturing and for when the element is in use.
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1 INTRODUCTION 

1.1 WOOD AS A BUILDING MATERIAL 

Wood is an important building material that has been used for thousands of years throughout 
the world. It is the most widely used building material and due to its characteristics suitable 
for a wide range of applications. Resulting in a rich and impressive history of buildings and 
constructions that have proven themselves, over long periods of time, as being safe and 
durable structures. 

As a natural resource, wood is widely available and with proper management it can provide 
an endless supply of timber and other wood-based products. 

Made out of cellulose, hemicellulose, lignin and extractives, wood is highly anisotropic. 90 to 
95% of all cells are aligned parallel to the tree trunk. Shrinkage and swelling of wood in the 
transverse direction is up to 20 times larger compared to that in the longitudinal direction. 
The stiffness in the longitudinal direction is normally 20 to 40 times that of the transverse 
direction. Accounting for “defects” knots, fibre angle etc., which are present in structural 
timber, will significantly reduce the material properties present in clear wood.  

There is a high variability in the strength and stiffness properties of timber. Produced by 
nature, differences in climate and forestry practices will influence the properties. In order to 
efficiently work with the material the timber needs to be graded and classified into different 
qualities. “Defects” can be removed from the material to produce a stronger product. 

The maximum size of timber is no longer determined by the size of the trees. Laminated 
timber has been used as a building material since the 19th century. It is an industrially 
manufactured product that has a higher stiffness than solid timber and its used for load-
bearing structures. Normally made of spruce, it consists of three or more layers glued 
together with nearly no limitations regarding the dimensions. [1] [2] [3] 

 

Figure 1.1: Chain of wood structure 

Source: University of Canterbury, 1996, Mark Harrington 
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1.1.1 The structure of wood 

Wood can be split into two different categories, hardwoods and softwoods. Both categories 
contain multiple species with different characteristics. Visual observation does not only show 
differences between the hardwoods, softwoods and species. Differences are also observed 
within species, the arrangement of pores, sapwood and heartwood, early- and latewood, the 
presence of reaction wood and “defects”. 

A relationship between the width of growth rings and the density can be found for most 
softwoods and for some ring-porous hardwoods. For softwoods the ratio of the density 
between latewood and earlywood can be as high as 3:1. The latewood is produced with a 
relatively constant thickness and most of the variation is caused by the width of the 
earlywood. This results in an decrease in density for an increase in growth ring width. Caution 
should be taken when including such relationships as grading parameter in visual grading, 
the density depends on soil type, climate conditions, etc. 

For ring-porous hardwoods the relationship between growth ring width and density is 
reversed. The high concentration of open vessels that are produced during spring, grow with 
a relatively constant width. The variation of growth ring width is mainly caused by the 
thickness of the high density latewood. Which results in an increase of density for an increase 
in growth ring width. This relationship is only observed in certain ring-porous hardwoods 
and not in diffuse-porous hardwoods. 

 

Figure 1.2: A cut-through of a tree trunk 

Source: [4] 

 

The young sapwood is located at the outer part of the tree trunk. It’s function is to conduct 
and store the sap from the roots to the crown of the tree. The inner part of the tree trunk is 
known as the heartwood, which is physiologically inactive. Due to organic extractives the 
heartwood is better resistant to decay and wood boring insects. The heartwood normally has 
a lower moisture content, darker colour and a reduction in permeability. Due to the 
permeability the sapwood is often preferred for wood preservation. 
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The first 5 to 20 growth rings are called the juvenile wood, often completely located in the 
heartwood, the juvenile wood has different properties than that of mature wood. The 
mechanical properties, such as strength and stiffness, are lower and longitudinal shrinkage is 
normally greater. Forest management plays an important role with respect to juvenile wood, 
fast grown and short rotation plantation trees can increase the problem attached to juvenile 
wood for the timber industry. 

During growth the tree may be subjected to external forces, such as wind. In order to react, 
softwoods develop compression wood in areas of high compression and hardwoods develop 
tension wood in areas of high tensile stress. Compression wood can cause problems with 
respect to timber engineering. High deformation upon drying and an increased change of 
brittle failure are the reasons that quality grades have a maximum amount of compression 
wood that may be present. The presence of tension wood is not as important. 

Knots and grain deviation impair the properties and limit the possible use of timber. During 
growth these flaws occur in the wood and the degree of influence is determined by type, size 
and location. 

Grain deviation in the form of growing a helix around the trunk of a tree can occur in certain 
species and is most pronounced in younger trees. This “defect” will influence the properties 
of the timber sawn from such a tree and the timber can turn out to be unsuitable for use. 
Grain deviations of 1 in 10 and 1 in 5 are included in visual strength grading for respectively 
high quality timber and low quality timber. 

                                          

Figure 1.3: Extremely spiral grain               Figure 1.4: Spike knot 

Source: [5]                Source: [6] 

 

A knot is part of a branch that is embedded in the wood, which disturb the structure of the 
wood. When successive growth rings form continuously over the branch an intergrown knot 
is formed, also called a tight knot because it’s tightly bound to the wood around it. If the 
knot becomes encased, by either dying or breaking off. It often has bark surrounding it, 
separating it from the trunk and becomes an encased knot, also called a  loose knot because 
the bark prevents the knot from tightly binding to the wood around it. Knots form the single 
most important “defect”. [4] [5] [6] 
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1.1.2 Wood characteristics 

The most important physical characteristic of wood is its density. The density is positively 
correlated to most mechanical properties and the load carrying capacity of joints. Depending 
on the moisture content, most frequently used are the density of dry wood and that of wood 
with a 12% moisture content. Values given in the EC5 correspond to a temperature of 20 
°C and a relative humidity of 65%. 

Wood is a hygroscopic material, which means that it exchanges moisture with its 
surroundings. Since climate conditions and the environment are constantly changing so does 
the moisture content in the wood. This can be of great influence on almost all engineering 
properties of wood. In certain applications the moisture content can reach an equilibrium, 
but this may need weeks or even months. 

When moisture is absorbed into the wood it swells up and when moisture is removed it 
shrinks. Shrinkage and swelling does not occur uniformly because of the structure of wood. 
The deflections due to dimensional movement should be minimized. A good start is to use 
timber with a moisture content that corresponds to the temperature and relative humidity of 
the environment in which it will be applied. 

Distortion can occur during drying. Growth rings have the tendency to straighten out by the 
difference in tangential and radial shrinkage. Radial cracks form in order to release internal 
stresses. Different movements in tangential and radial direction are the reason for cup. And 
lengthwise distortions known as bow, spring and twist may appear due to the presence of 
compression wood, juvenile wood or knots. Strength grading rules often include maximum 
values for these distortions. 

Further, the mechanical properties of wood are influenced by the moisture content and the 
duration of loading. Service classes and load duration classes consider the conditions and are 
used to determine the modification factor. [1] 
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1.1.3 Building examples 

One of the oldest wooden buildings in the world is located in Nara, Japan. The five-storey 
pagoda of the Horyu-ji Temple was built 1400 years ago and despite the high seismic activity 
and wet environment still stands today. 

 

Figure 1.5: Horyu-ji Temple, with the pagoda on the right  

Source: Yvan Pointurier 

 

The wooden church of Urnes was built in the 12th century and shows the traditional 
Scandinavian wooden architecture. The stave churches are among the most elaborate and 
technologically advanced wooden structures of that time in North-Western Europe. The 
Urnes Stave Church is listed as a World Heritage Site by UNESCO. 

                                   

Figure 1.6: Urnes Stave Church             Figure 1.7: Stadthaus 

Source: UNESCO, Vesna Vujicic-Lugassy            Source: Mapolis architecture, Will Pryce 
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The nine-storey high-rise building called Stadthaus, located in London, United Kingdom, is 
a good modern example. When construction was finished in 2009, it was by far the tallest 
residential building entirely made of wood, which include: walls, floors, roofs, elevator shafts 
and stairwells. To achieve this, they made use of the relatively new product Cross-Laminated 
Timber. 

 

Figure 1.8: From left to right, Horyu-ji Temple Pagoda, Urnes Stave Church, Stadthaus 

Source: [7] 
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1.2 TIMBER VS CONCRETE & STEEL 

For the last century steel and concrete have been the materials of choice for large buildings. 
Part of the reason for this is the lack of knowledge in the industry regarding timber 
construction. Now that the environmental problems such as climate change get more and 
more attention, there is an opportunity for timber as a building material and the 
manufacturers of timber products to increase its popularity. 

The material properties and life-cycle balance of timber are outstanding and as a nearly 
endless renewable natural resource it can provide an ecologically sound alternative to steel 
and concrete. 

Physically, wood is a strong and stiff material, but compared to steel it is also light and 
flexible. Advantages of wood over steel can be found in the costs, its high strength over 
density ratio and the low energy output. 

Timber elements that make use of a more solid wood configurations can be best compared 
to heavy construction systems. Concrete is often used for large floor and wall elements and 
has evolved by introducing steel-reinforcement, higher strength classes and hollow core 
slabs.   

Hollow core slabs are precast concrete elements that are generally used for flooring. The 
elements are pre-stressed and have cores running through them in longitudinal direction. 
The main purpose of these cores is to reduce the amount of material and weight, while 
maintaining strength. Compared to solid concrete floors the precast elements can save up to 
50% in material. The width is typically 1200 mm and the elements can be produced with 
lengths up to 18 m. Common lengths, for example used in office buildings, are 7200 mm 
and 14400 mm. [8] 

 

Figure 1.9: Concrete hollow core slab 

Source: [8] 

 

Now, that there is more attention and awareness concerning the environmental impact of 
the building industry. There is a growing interest in wood as a building material. The reason 
for this is that few building materials possess the environmental benefits that wood has. As 
a nearly endless renewable natural resource wood can make a difference. 
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1.3 CROSS-LAMINATED TIMBER 

Cross-Laminated Timber, or CLT, is a relatively new product. First introduced in the early 
1990’s in Austria and Germany, now gaining popularity in residential and non-residential 
applications in several countries around the world.  

CLT is a engineered wood building system with potential applications in high-rise structures. 
Known as massive (or “mass”) timber the heavy construction system works on the same 
load bearing principals as large floor and wall elements made of concrete or brick. As seen 
in the example of the Stadthaus building, there is a wide area of applications. Solid panels 
can be used for the walls, floors, roofs and even elevator shafts and stairwells. 

Panels are made from several layers of side-by-side placed boards, stacked crosswise at a 90 
degree angle. The boards are glued on their wide faces and may or may not be glued together 
on their narrow faces. The panels normally consist of 3 or more layers, with a symmetrical 
build-up around the middle layer. 

Panel sizes vary by manufacturer and it is most likely that transportation will limit sizing. 
Panels are made with dimensions up to 18 m in length by 3,5 m in width. Thickness is limited 
to 500 mm. 

As a result of the cross-laminating the panels possess an improved dimensional stability, 
strength and rigidity. This allows for the fabrication of large wall and floor elements that can 
be used for bracing and load bearing implementations. [9] [10] [11] 

 

Figure.1.10: CLT panel configuration 
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Figure 1.11: FORTÉ 

Source: [12] 

 

Aesthetics, cost effectiveness and environmental performance are good reasons to use wood 
as a building material. However, CLT introduces several additional benefits of its own.  

Prefabrication for specific applications, with pre-cut openings for doors, windows, service 
channels etc. contributes to a quick and efficient installation on site. The flexibility in design 
and the possibility to make modifications on site with the use of simple tools further improve 
on this. 

CLT has an excelled fire resistance and unlike steel it remains structurally stable when 
subjected to high temperatures. As a combustible material, wood does ignite at high 
temperatures. However, compared to other combustible materials the fire will spread slowly 
and the surface will burn at a steady rate. The burned area of the wood will form a layer of 
char and loses its strength, after which it will become an insulating layer protecting the core 
of the panel. Since wood is a poor conductor of heat the core of the panel will be nearly 
unaffected and keep its properties. As a result, the loss in capacity is only due to the reduced 
cross-section. 

Seismic testing on multi-storey CLT buildings shows that the panels perform exceptionally 
well. In Japan a seven-storey CLT building showed no residual deformation after severe 
earthquake simulation. This is thanks to the dimensional stability and rigidity of CLT 
combined with its ductile behaviour and energy dissipation. 

Finally, the precise manufacturing process gives CLT buildings additional benefits in terms 
of thermal and acoustic behaviour, by preventing air leakage within the building envelope. 
[12] 
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1.4 RESEARCH SPECIFICATION 

In this chapter the research is specified. The problem definition is described and the research 
questions are defined, these will form the basis for the research to be carried out for the 
thesis. 

The Derix Group, a company with a vast experience in the timber industry, specializes in 
laminated timber constructions and are interested in developing a new panel configuration. 
The idea is that by relocating part of the cross area to a more favourable position, material 
usage can be decreased or the strength can be increased. 

A configuration somewhat similar to combining CLT-panels and Glued laminated beams is 
proposed. Figure 1.12 shows the proposed configuration with the idea of pressing the 
element as a whole. See also appendix: A - Abmessungen und aufbau von x-lam-stegplatten. 

 

Figure 1.12: Sketch of hollow core cross-laminated timber, two and three layer 

 

1.4.1 Problem definition 

Cross-Laminated Timber is a relatively new product which has not been optimized for the 
wide area of applications it is being used for. In order to reach large spans needed for 
(industrial) halls and other large structures the CLT elements need to become very thick, 
which results in an large increase in net cross area. Hollow Core Cross-Laminated Timber, 
or HCCLT, can decrease this large net cross section. 

Wood is an important building material and there is an increase in demand that will grow 
even further in the coming years. 

 

CLT 

Cross Laminated Timber 

or 

Consumes Lots of Timber [13] 
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1.4.2 Research questions 

The following main and sub questions are derived from the problem definition and will be 
used to form the direction of the thesis. 

 

What advantages can be realized with Hollow Core Cross-Laminated Timber systems? 

What are the consequences of the manufacturing process on the configuration and dimensions of the 
hollow cores? 

What effect will the hollow cores have on the structural properties of an element? 

What effect will different dimensions of the hollow cores have on the economical use of material? 

 

In order to answer the main and sub-questions, the following items must be addressed: 

What is the behaviour of the element during production and in use? 
What are the strength and stiffness properties of the element? 
What possible failure mechanisms occur? 
 

What is the structural behaviour of the element? 
 Are the deflection and vibration within reason? 

Can the element provide a comfortable environment? 
 

Is it possible to derive an calculation method for the HCCLT elements? 
How do the existing calculation methods perform? 
Is further development of the methods possible? 
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2 MANUFACTURING 

The production of timber starts in the forests, where forest management plays an important 
role. Trees are grown and cut down to produce the raw material needed for manufacturing. 
After which the timber needs to dry before it can be processed. 

2.1 THE DERIX GROUP 

     

Figure 2.1: Office & factory of the Derix Group, Niederkrüchten, Germany 

 

The Derix Group specializes in the construction of laminated timber. In cooperation with 
their partners and with over 80 years of experiences in the timber industry they are able to 
realize the most outstanding projects. Supplying products to Germany, the rest of Europe 
and abroad. 

The CLT elements for the new office building of Poppensieker & Derix GmbH & Co. KG. 
were prefabricated in the factory in Niederkrüchten, Germany. The building is listed as one 
of their reference projects. Thanks to the prefabrication the construction time of the two 
storey building with a floor area of 638 m2 was minimal. [14] 

    

Figure 2.2: Administration building Poppensieker & Derix, Westerkappeln, Germany 

Source: W.u.J. Derix GmbH & Co 
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One of the most important environmental topics these days is climate change. Since timber 
is a nearly endless renewable natural resource, the use of timber as a building material can be 
seen as an active and substantial contribution to protecting the climate. The timber that is 
used comes from sustainable forestry in Europe, the number of trees that are currently 
growing is much larger than the number of trees that are cut down for production purposes, 
there is an annually increase in population. The Derix Group finds the use of timber both 
responsible and economic for manufacturers as well as constructors. 

 

Timber is not just a building material like any other building material: Its material 
properties and its life-cycle balance are outstanding. Timber as a natural construction 

material is ecologically sound and economically very cost-effective. This is the reason why 
the use of timber can be called visionary. Using timber helps us to safeguard the future for 
ourselves and coming generations. As a leading manufacturer in the timber industry it is 

our aim to contribute to this common purpose. [15] 
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2.2 MANUFACTURING PROCESS 

In this chapter the manufacturing process of Cross-Laminated Timber is described. 
Starting right after harvesting, with drying of the wood and ending with finishing and 
transport. 

2.2.1 Kiln drying of timber 

 

Figure 2.3: Timber Drying Kiln 

Source: Vortex Engineering 

 

Wood is a hygroscopic material, which means that it balances its moisture content with the 
surrounding atmosphere. When the shrinkage of wood occurs to rapidly, due to drying, 
internal stresses are introduced. To prevent the timber from cracking by internal stresses and 
to maximize the bond-strength and stability, the timber is dried in a kiln. A kiln is a closed 
surrounding in which the temperature, air circulation and relative humidity can be controlled. 
The timber is dried to a moisture content of 10 to 12 percent. 

Compared to air drying it has the advantage of being a much faster method and to obtain 
the low moisture content is never a problem. However, if the temperature is too high 
problems can occur which may lead to a reduction of strength. [16] 

 

  



Manufacturing 

16 | MSc Thesis by Bart van Aken 
 

2.2.2 Storage and grading 

 

Figure 2.4: Timber storage, The Derix Group, Niederkrüchten, Germany 

 

The timber is kiln dried before it arrives at the factory, where it gets stored before being 
processed. There are multiple storage areas to provide space for the large amount of raw 
timber. 

     

Figure 2.5: Timber grading, The Derix Group, Niederkrüchten, Germany 

 

Timber gets assigned to a particular strength class, this can be done either by machine 
strength grading or visual grading. The grading is based on measured parameters, such as the 
modulus of elasticity, and the strength of the timber. For visual grading the knot size and its 
position are important. 

Grading of the timber is done on the basis of DIN 4074. The density properties get 
mechanically determined and the timber is sorted by strength and visual appearance. Because 
of its nature, the mechanical properties of timber vary and since this determines the 
loadbearing and deformation capacity it is very important to grade the timber accurately.  

Undesirable “defects” like large knots are marked by hand and removed from the boards. 
The different length boards continue to the finger jointing machine. 
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2.2.3 Finger jointing 

    

Figure 2.6: Finger jointing, The Derix Group, Niederkrüchten, Germany 

 

After grading, the boards go through the finger jointing machine. The first step consist of 
machine cutting the profile into the boards, as shown in Figure 2.6. This is done on both 
sides of the boards so they can be glued and pressed together, making a continuous member.  

2.2.4 Planing, cutting and separating 

          

Figure 2.7: Planing and cutting of the "endless" board, The Derix Group, Niederkrüchten, Germany 

 

After realizing a continuous member or an “endless” board it gets planed to the required 
thickness and then cut to the desired length, see Figure 2.7. Planing just prior to the 
application of adhesive insures a strong and durable bond, by “refreshing” the wood surface 
to reduce oxidation. After which the production line separates the boards that are used for 
the production of Glulam and the production of CLT. 
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2.2.5 Gluing, stacking and pressing 

 

Figure 2.8: Boards for the cross layers, The Derix Group, Niederkrüchten, Germany 

 

Because of the high accuracy / low tolerances for the length of the boards, needed in order 
to get a good result after pressing. The boards are recut to size, for the transverse direction 
as well as the longitudinal direction. After which the different layers will be laid out and 
transported to the press, see Figure 2.8 and Figure 2.9. 

 

Figure 2.9: Build-up of a CLT-element, The Derix Group, Niederkrüchten, Germany 

 

Proper bond development and CLT quality depend greatly on the pressing process. The two 
main types of presses used to produce CLT are vacuum and hydraulic. The maximum 
theoretical pressure of a vacuum press is 0.1 MPa. This low pressure may not be sufficient 
when warping, surface irregularities, etc. are present. Shrinkage reliefs in the form of 
longitudinal cuts, through partial thickness of the boards, can reduce stress. These shrinkage 
reliefs can however influence the performance of the CLT and should be tested as part of 
the product qualification. Hydraulic presses have a much higher clamping pressure. 

Assembly time and pressing time depend on temperature and humidity. Adhesive 
manufactures provide minimum requirements, such as minimum temperatures, because the 
adhesive may take longer to cure at low temperatures. Product information can be found in 
appendix: B - Product information gripprotm plus. 
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Figure 2.10: Gluing, stacking and pressing of a CLT-element, The Derix Group, Niederkrüchten, Germany 

 

A layer of boards, depending on the purpose of the element, this can be a longitudinal layer 
in case of a floor or roof element or a transverse layer for wall elements, is placed on the 
bottom surface of the press. Adhesive is applied and a next layer of boards can be placed on 
top, this will continue until the required composition is reached. In certain cases, two adjacent 
layers can be aligned in the same direction in order to meet specifications. When this is 
finished the press closes and pressure is applied. 

The press can be either hydraulic or vacuum. Hydraulic presses are more common and is the 
type of press used at Derix. Elements can be produced up to 400 mm thick with a length 
and width of respectively 17,8 and 3,5 m. 

There is no glue applied on the narrow faces of the boards at Derix only on the wide faces, 
which some calculation methods will account for. The pressure ranges between 0.5 to 0.8 
MPa, depending on the square footage under the press. Pressing time depends on equipment 
and adhesive, the pressing time at Derix is around 60 min. 
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2.2.6 Inspection and repairs 

The CLT element is pressed and ready for inspection and repairs. Knots and other “defects” 
get removed and replaced by a new piece of timber which is then sanded down to produce 
a smooth and well-made finish, see Figure 2.11. 

   

Figure 2.11: Necessary repairs are carried out, The Derix Group, Niederkrüchten, Germany 

 

In Figure 2.12 it can be seen that the layers do not align perfectly, this is needed for the 
pressing process. Although the sides of the boards are not glued, so there is no edge bond 
present. Boards placed side-by-side are pressed towards each other to minimize the gap 
between them. The elements will be further processed by the CNC-machine, where the sides 
get their final finish. 

 

Figure 2.12: Pressed CLT-element, The Derix Group, Niederkrüchten, Germany 
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2.2.7 CNC-machining 

 

Figure 2.13: CLT-elements and machine for 180 degrees turning, The Derix Group, Niederkrüchten, Germany 

 

After producing the large CLT elements, the final products are realized with the help of 
CNC-machines. These machines are used for machining (sawing, drilling, milling, etc.) the 
elements, window and door openings are made as well as room for wiring and sockets. 
Further preparation, on for example connections, can be done to simplify the erection on 
site. 

In order to be able to work on both sides of the elements there is a separate machine for 
turning the workpiece 180 degrees, which can be seen in the upper left corner of Figure 2.13. 
This makes for a quick and flexible system. 

     

Figure 2.14: CNC-machining and final product, The Derix Group, Niederkrüchten, Germany 
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2.2.8 Finishing 

 

Figure 2.15: Finishing by sanding and applying varnish, The Derix Group, Niederkrüchten, Germany 

 

There are multiple possible surface qualities from which can be chosen. Depending on 
requirements and preference, the products can be made to the following qualities: non-visible 
(NSI), visible industrial (ISI) and living-space (WSI). 

The layout of the boards, with other words the orientation of the growth rings, is chosen for 
a better visible quality. And it does not depend on the structural properties. 

The varnish applied in the factory is only to protect the product in the erection stage of the 
build. 

 

Figure 2.16: Finished element, The Derix Group, Niederkrüchten, Germany 
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2.2.9 Transport 

    

Figure 2.17: Temporary transport measures, The Derix Group, Niederkrüchten, Germany 

 

Various temporary constructions are used depending on size and weight to lift and transport 
the elements. Because of the low self-weight of timber, transport is easily realized. 

However transport to site can be costly and may require specialized services, depending on 
the size of the elements. The route to the construction site and the construction site itself 
could have restrictions concerning the size. 

 

Figure 2.18: Transporting the final product, The Derix Group, Niederkrüchten, Germany 
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3 STRUCTURAL DESIGN OF CLT 

The different applications CLT is used for determines the stresses introduced into the 
elements. Floor elements are introduced by stresses as a result of loading perpendicular to 
the plane of the panel and wall elements by loading in the plane of the panel. Additionally, 
the strength and stiffness depend on the direction of the loading, parallel or perpendicular 
to the grain of the outer layers. 

The build-up determines the load bearing performance and the primary direction of the load 
bearing capacity generally corresponds to the orientation of the outer layers. With the outer 
layers running parallel to the action of the load it insures that the structural elements are 
optimally oriented. For wall elements this means that the outer layers run vertically and for 
floor elements that the outer layers are oriented in the direction of the span. 

The strength grades to produce CLT are normally C16 (mostly used for the inner layers) and 
C24, material properties of the latter can be found in the table below. 

 

Table 3.1: Material properties C24 

 

The strength has proven to be increased by the composition of CLT and can be accounted 
for by introducing one of the following factors: 

▪ Laminating effect 

▪ Size factor 

▪ Strength factor 
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3.1 DESIGN CRITERIA 

CLT is a relatively flexible building material with a low dead weight. The design is often 
determined by serviceability criteria, such as deformation and vibration. Strength criteria, like 
bending and shear are mostly not governing. 

Every structure has to uphold the requirements of safety and serviceability. While the 
serviceability requirements normally do not influence the risk to human live, they do 
influence the comfort in use. 

In some cases where the serviceability requirements are no longer met, there could be a 
solution to reverse the situation. Vibrations that cause human discomfort may be reversible, 
as is the visual appearance and functionality of a floor. [17] 

Limiting values for the design of timber structures are formulated with respect to the 
deflection and vibration. 

3.1.1 Deformation 

The total deformation can be divided into the deformation due to permanent and variable 
loading. Additional factors for creep and time further determine the final deformation.  

Reasons for limiting the deformation of elements are related to appearance (visual effects, 
such as bending of floors) and structural requirements (ensured functionality of building and 
installations, avoid damage to doors, windows and to guarantee smooth assembly, water 
tightness, etc.). 

Section 2: Basis of design of the Eurocode 5 – Design of timber structures – Part 1-1: General 
– Common rules and rules for buildings, states that for structures consisting of members, 
components and connections with the same creep behaviour and under the assumption of a 
linear relationship between the actions and the corresponding deformations, as a 

simplification of 2.2.3(3), the final deformation, 𝑢𝑓𝑖𝑛, may be taken as: 

 

𝑢𝑓𝑖𝑛 = 𝑢𝑓𝑖𝑛,𝐺 + 𝑢𝑓𝑖𝑛,𝑄1 + 𝑢𝑓𝑖𝑛,𝑄𝑖       (3.1) 

 

where: 

 

𝑢𝑓𝑖𝑛,𝐺 = 𝑢𝑖𝑛𝑠𝑡,𝐺 (1 + 𝑘𝑑𝑒𝑓)        (3.2) 

𝑢𝑓𝑖𝑛,𝑄1 = 𝑢𝑖𝑛𝑠𝑡,𝑄1 (1 + 𝛹2,1 𝑘𝑑𝑒𝑓)       (3.3) 

𝑢𝑓𝑖𝑛,𝑄𝑖 = 𝑢𝑖𝑛𝑠𝑡,𝑄𝑖 (𝛹0,𝑖 + 𝛹2,𝑖 𝑘𝑑𝑒𝑓)       (3.4) 

 

For an office building, 𝛹2 = 0,3, according to Table NB.2 – A1.1 – Ψ-factors for buildings 
from the Dutch National Annex to NEN-EN 1990+A1+A1/C2: Eurocode: Basis of 
structural design. 
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Table 3.2 – Values of 𝑘𝑑𝑒𝑓 for timber and wood-based materials from Eurocode 5: Design 

of timber structures – Part 1-1: General – Common rules and rules for buildings, includes 
values for solid timber, glued laminated timber, LVL, plywood, etc. 

For service class 1 the values of 𝑘𝑑𝑒𝑓 for solid timber and plywood are respectively 0,6 and 

0,8. The configuration of CLT with timber spanning in two directions may be best compared 
to that of plywood, due to the influence of the cross-layers on the creep of the element. 

At the University of Applied Sciences in Augsburg the creep behaviour of CLT has been 
investigated. The results indicate that the creep behaviour of CLT is more pronounced than 

for glued laminated timber and therefore higher values for 𝑘𝑑𝑒𝑓 should be used. [18] 

For the calculations in this thesis the value for 𝑘𝑑𝑒𝑓 is taken according to the CLT Handbook. 

The CLT Handbook includes deformation modification factors adjusted to CLT (based on 

recommendations of Jöbstl and Schickhofer, 2007). For service class 1, 𝑘𝑑𝑒𝑓 = 0,9. 

Limiting values for the deformation are taken according to Table 7.2 – Examples of limiting 
values for deflections of beams from Eurocode 5 – Design of timber structures – Part 1-1: 
General – Common rules and rules for buildings. 

 

𝑤𝑖𝑛𝑠𝑡 ≤ 𝑙/300 𝑡𝑜 𝑙/500        (3.5) 

𝑤𝑓𝑖𝑛 ≤ 𝑙/250 𝑡𝑜 𝑙/350        (3.6) 
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3.1.2 Vibration 

Loading situations that occur with normal use, should not introduce vibrations that have a 
negative influence on the construction or the comfort of the users. 

The Eurocode 5 includes design criteria that apply to a fundamental frequency higher than 
8 Hz. Floors with a lower fundamental frequency will have a much larger response to the 
motion of people and require special investigation. The reason for the low frequency is 
usually due to large spans. 

The requirements in Eurocode 5 are for a rectangular floor with overall dimensions 𝑙 ∙ 𝑏, 

simply supported along all four edges and with timber beams spanning in 𝑙 direction. An 
approximation of the fundamental frequency can be calculated with the equation below. 

 

𝑓1 =
𝜋

2∙𝑙2 ∙ √
𝐸𝐼

𝑚
          (3.7) 

 

The mass 𝑚 in kg/m2 is taken as the permanent load only, partitions and variable loading 
are excluded. 

Vibration effects can be divided into low- and high-frequency ones. The fundamental 
frequency of the floor should be at least 8 Hz in order for the floor to be regarded as a high-
frequency one. 

For residential floors with a fundamental frequency greater than 8 Hz the following 
requirements should be satisfied: 

 

𝑤

𝐹
≤ 𝑎 [𝑚𝑚/𝑘𝑁]          (3.8) 

𝑣 ≤ 𝑏(𝑓1𝜁−1) [𝑚/(𝑁𝑠2)]         (3.9) 

 

𝑤 is the maximum instantaneous vertical deflection due to a vertical concentrated static force 

𝐹 applied at any point on the floor. 

𝑣 is the maximum initial value of the vertical vibration velocity produced by an ideal unit 
impulse of 1 Ns, applied at the point on the floor giving the maximum response. 
Components above 40 Hz may be disregarded. 

ζ is the modal damping ratio. Unless other values are proven to be more appropriate, a value 
of 1 % should be assumed. 
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Figure 3.1: Recommended range of and relationship between 𝒂 and 𝒃 

Source: [19] 

 

Figure 3.1 shows the recommended range of the relationship between 𝑎 and 𝑏, 1 better 
performance, 2 poorer performance. Countries are able to state their own values in the 
National annex. 

The Dutch national annex to the Eurocode: Basis of structural design states that if the 
fundamental frequency of floors used in residential and office buildings stays above 3 Hz the 
design criteria are not exceeded. And that this criteria does not have to be matched in case 
the loading situation is more than 5 kN/m2. 

The highest frequency that can be generated by persons walking, amounts to 3 Hz. For this 
the deflection in the short-term behaviour must not exceed 34 mm. If a load of 5 kN/m2 is 
present, it can be assumed that the floor cannot be vibrating brought on by walking persons. 
[20] [21] 
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Also important are the vibrations of foundations and surrounding soil. These vibrations need 
to be limited to an acceptable level. Ideally, people should not feel vibrations in their home 
or at the office. The perception of vibrations is a function of the acceleration and the 
frequency. Multiple perception levels can be formulated, ranging from very unpleasant to not 
noticeable. See Figure 3.2 and Table 3.2 for the perception and the different levels. [22] 

Using the equations for the vertical acceleration found in Annex B from Eurocode 5: Design 
of timber structures – Part 2: Bridges. [23] The perception level found ranges from 
unpleasant to well noticeable, dependent on the damping ratio. The damping can reach up 
to 9% for timber floors in combination with certain furniture and finishing. [24] 

 

Figure 3.2: Perception of vibration 

 

Table 3.2: Perception levels 
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3.2 ROLLING SHEAR 

The rolling shear strength and stiffness properties can control the design of CLT. It 
influences the performance significantly. The rolling shear modulus of the cross-layers affect 
the effective bending stiffness and stress distribution, and so the load bearing capacity. The 

reduced rolling shear modulus 𝐺𝑅 of the cross-layers in CLT also causes a larger deformation 
due to shear than for other wood based products. [25] [26] 

The rolling shear modulus is influenced by species, density, thickness, moisture content, 
annual ring orientation, etc. For spruce, common values of the rolling shear modulus are 
between 40 and 80 N/mm2.  

To determine the rolling shear modulus a ratio of 
𝐺𝑅,𝑚𝑒𝑎𝑛

𝐺𝑚𝑒𝑎𝑛
= 0.1 can be used. In many 

publications and calculations the rolling shear modulus is simply taken to be 50 N/mm2. 

In Figure 3.3 six different shear modes are shown. 

   

Figure 3.3: Stresses on an element 

Source: Lost Art Press 

 

RT and TR shear are called rolling shear. Imagine wood fibres rolling alongside each other. 
Defined as shear stress leading to shear strains in a plane perpendicular to the grain direction. 
Significant shear deformations may occur due to the low rolling shear stiffness. Wood can 
fail readily when subjected to rolling shear. 

LR and LT shear are the longitudinal shear modes. Although wood is more resistant to 
longitudinal shear, it is a common failure mode in an overloaded beam. 

RL and TL are the two kinds of transverse shear. Wood rarely fails in transverse shear. 
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3.3 DESIGN METHODS 

There are a variety of different methods being used to design Cross-Laminated Timber 
structures. The design of CLT is not included in the Eurocode 5: Design of timber structures 
and at this moment there is not a universally accepted approach for the design. 

The Technical Committee CEN/TC 124 “Timber structures”, is working on a European 
Standard, with requirements for CLT, which is currently submitted to the Formal Vote. The 
document sets out provisions regarding the performance characteristics for structural CLT 
as a material for the manufacturing of structural elements. [27] 

Experimental testing is the most accurate, however changes in build-up, material, or even 
differences in the manufacturing process make for a non-effective method. 

This chapter will describe the three analytical approaches that are most used to date. 

3.3.1 Composite theory 

For timber engineers this method is well known from the calculation of plywood. For the 
calculation of plywood the modulus of elasticity perpendicular to the grain is assumed to be 
zero, which means that the cross layers are not taken into account. However, for the 
calculation of CLT this assumption can lead to large differences between calculation and test 
results. 

For CLT, the composite theory takes both, the layers loaded parallel to the grain and cross 
layers loaded perpendicular to the grain into account. The strength and stiffness properties 

of a single board multiplied by a composition factor 𝑘, that accounts for the build-up of the 
element, are used to determine the strength and stiffness properties of the CLT element. 

This calculation method should only be used for high span to depth ratios, since it does not 
account for shear deformation in bending members. The influence of the shear deformation 
is significant for smaller span to depth ratios. For loading perpendicular to the plane and 

parallel to the grain of the outer layers a 𝑟𝑎𝑡𝑖𝑜 ≈ 30 and a 𝑟𝑎𝑡𝑖𝑜 ≈ 20 for loading 
perpendicular to the plane and perpendicular to the grain of the outer layers. See Figure 3.4 
on page 33.  

For smaller span to depth ratios the theory of mechanically jointed beams, from Eurocode 
5, or the shear analogy method, by Kreuzinger, can be used. The theory of mechanically 

jointed beams takes the shear deformation into account by the use of a reduction factor 𝛾. 
The shear analogy method can be used for a more precise calculation, because it uses both 
different modulus of elasticity and shear modulus. 
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Figure 3.4: Effective modulus of elasticity 

Source: [28] 

 

The ratio between the strength or stiffness property of an element and that of a fictitious 
homogenous cross section with the grain of all layers oriented parallel to the direction of the 

stress is taken into account by the composition factor 𝑘. For the compositions factors see 
Table 3.3. 

 

Table 3.3: Compositions factors k 

Source: [28] 
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Figure 3.5: Build-up of element 

Source: [28] 

 

For the composite method, using the strength and stiffness properties of the base material 
for the calculation is very conservative. The timber used for the production of CLT mainly 
consists of boards of strength class C24. Due to the lamination effect there is a considerable 
improvement in properties for the element over the base material. This results in using the 
properties of GL28h for the calculation of an element build of boards of strength class C24. 
For the effective strength and stiffness properties see Table 3.4. Compared to test results 
these can still be considered conservative. [28] 

 

Table 3.4: Effective values of strength and stiffness for CLT elements 

Source: [28] 

 

The effective bending stiffness can be directly determined using the modulus of elasticity: 

 

(𝐸𝐼)𝑒𝑓 = 𝐸0 ∙
𝑏∙𝑎𝑚

3

12
∙ 𝑘1         (3.10) 

 

Which is then used to calculate the governing stresses: 

 

𝜎𝑚 =
𝑀

(𝐸𝐼)𝑒𝑓
∙ 𝐸0 ∙

𝑎𝑚

2
         (3.11) 
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3.3.2 Mechanically jointed beams theory 

The Eurocode 5 (EC5) contains the rules for the design of timber structures. Cross-
Laminated Timber (CLT) does not appear in EC5, however in Annex B the mechanically 
jointed beams theory is described. 

The mechanically jointed beams theory uses an effective bending stiffness, by introducing a 

factor 𝛾, that accounts for the shear deformation between layers. This theory, slightly altered, 
is adopted for the calculation of CLT elements. [19] [29] [30] 

Effective bending stiffness: 

 

(𝐸𝐼)𝑒𝑓𝑓 = ∑ (𝐸𝑖 ∙
1

12
∙ 𝑏 ∙ ℎ𝑖

3 + 𝐸𝑖 ∙ 𝛾𝑖 ∙ 𝐴𝑖 ∙ 𝑎𝑖2)     (3.12) 

 

Where: 

 

𝛾𝑖 =
1

1+(
𝜋2∗𝐸0;𝑚𝑒𝑎𝑛∗𝐴𝑖∗ℎ𝑐

𝐺𝑟∗𝑏∗𝐿2 )
        (3.13) 

 

This calculation method can also be found in the European Technical Approval ETA-
11/0189. Issued by the Deutsches Institut für Bautechnik to W.u.J. Derix GmbH & Co. [29] 

The analysis, including assumptions, and calculations can be found on the next pages, 
followed by some background information. 

The design rules for timber structures can be found in Eurocode 5. This legal document 
contains the requirements for design, aimed at the qualified engineer. For the background of 
these requirements it has to rely on the support of textbooks. 

To support the Eurocode 5, the Structural Timber Education Programme (STEP) published 
the “Timber Engineering STEP 1”. This publication contains the basis of design, material 
properties, structural components and joints. It is aimed to make the Eurocode 5 operational 
and accepted by the users.  

The objective of STEP lecture B11 is to explain the computation and design of mechanically 
jointed beams and columns, to provide analytical solutions, and to illustrate the use of 
computer programs. The lecture gives inside into the background of the “mechanically 
jointed beams theory” (gamma method), Eurocode 5 annex B. 

The computation methods described in STEP lecture B11 are based on connections made 
by mechanical fasteners such as nails, bolts, dowels or nail plates. In order to be able to 
compute reliable results it is necessary to have a continuously acting shear force along the 
beam. Which means that enough joints are applied and the spacing between them is equal. 
The displacement and force are related by the slip modulus. 
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Figure 3.6: Displacement and shear force between the parts 

 

𝑣 =
𝐹𝑠

𝑠
,          𝑘 =

𝐾

𝑠
,          𝑣 = 𝑘 ∗ 𝑢       (3.14) 

 

The bending-theory is only applicable to individual components, because of the slip in the 
joints (due to the mechanical fasteners). The required parameters for the computation 

method are the stresses 𝜎 and 𝜏, the force in the joints and the deflections. The profile and 
connection are regarded as continuous. Further requirements include the exclusion of the 
shear displacement and the simple bending-theory being valid for every part. For the system 
and equilibrium of an incremental element see Figure 3.7. 

 

Figure 3.7: System and equilibrium of an incremental element dx 

 

The displacement is computed from the longitudinal displacement of the individual cross-

sections 𝑢1 and 𝑢2 and the common bending deflection 𝑤. For the deformations see 
Figure 3.8. 

 

𝑢 = 𝑢2 − 𝑢1 + 𝑤′ (
ℎ1

2
+

ℎ2

2
) = 𝑢2 − 𝑢1 + 𝑤′𝑎      (3.15) 
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Figure 3.8: Deformations 

 

Using equilibrium, further development of the calculation results in the equations used in 
EC5 Annex B. 

 

Figure 3.9: Stress distribution 

 

For CLT the theory of mechanically jointed beams needs to be slightly altered. The cross-
layers can be seen as the fasteners, which means that the rolling shear is responsible for the 
deformation between the longitudinal-layers. 

To consider deformations due to shear the factor 𝑠𝑖/𝐾𝑖 according to EC 5 Annex B is 

substituted by the factor ℎ̅𝑖/(𝐺𝑅 ∗ 𝑏). 

 

𝛾 =
𝑢

ℎ
          ;           𝛾 =

𝜏

𝐺
          𝑤𝑖𝑡ℎ,          𝜏 =

𝐹

𝑠 𝑏
      (3.16) 

𝑢 =
𝐹 ℎ

𝑠 𝑏 𝐺
          ;           𝑢 =

𝐹

𝐾
          →           

𝑠

𝐾
=

ℎ

𝑏 𝐺
     (3.17) 

 

Which leads to: 

 

𝛾𝑖 =
1

1+
𝜋2 𝐸𝑖 𝐴𝑖 𝑠𝑖

𝐾𝑖 𝑙2

          →           𝛾𝑖 =
1

1+
𝜋2 𝐸𝑖 𝐴𝑖 ℎ̅𝑖

𝐺𝑅 𝑏 𝑙2

      (3.18) 
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3.3.3 Shear analogy 

The shear analogy method is represented in appendix D (informative) from the German 
national code DIN 1052:2004-08. 

The DIN 1052:2004 is the first code from Germany to define the verification process for 
the design of the engineered building product “Cross-Laminated Timber”. 

The method of the shear analogy considers the flexible connection of the layers and the shear 
deformation of the individual layers. For three layers with a symmetrical structure, the 
method is theoretically correct. In the special case of neglecting the stiffness of the individual 
boards perpendicular to the grain, the same is true for panels of five layers. 

The code contains calculation rules for stiffness values in order to calculate forces and 
deformations. Stresses are calculated for the individual layers in accordance with the technical 
bending theory and the transverse strain is neglected. The cross-section of the structure is 
constructed symmetrically and the layers are aligned parallel or orthogonal to each other. For 
boards that are not bonded to one another on the narrow sides, the modulus of elasticity 
perpendicular to the grain must be set to zero. 

The layers are bonded together and form a rigid composite. The stiffness is composed of a 
Steiner component and the bending stiffness of the individual layers. Based on the technical 
bending theory with consideration of shear deformation. 

The composite section of CLT-panels are considered as two virtual beams, only coupled by 
the deflection. Beam A includes the sum of the bending stiffness of the individual layers and 
its shear stiffness is taken as infinite. Beam B describes the composite effect, the interaction 
of the individual layers of the cross-section. [31] [32] [33] [30] [34] 

Effective bending stiffness: 

 

(𝐸𝐼)𝑒𝑓𝑓 = (𝐸𝐼)𝐴 + (𝐸𝐼)𝐵 = ∑ 𝐸𝑖 ∗
1

12
∗ 𝑏𝑖 ∗ ℎ𝑖3𝑛

𝑖=1 + ∑ 𝐸𝑖 ∗ 𝐴𝑖 ∗ 𝑧𝑖2𝑛
𝑖=1  (3.19) 

 

The following equation is given for the shear deformation: 

 

(𝐺𝐴)𝑒𝑓𝑓 =
𝑎2

(
ℎ1

2∗𝐺1∗𝑏
)+∑ (

ℎ𝑖

𝐺𝑖∗𝑏
)𝑛−1

𝑖=2 +(
ℎ𝑛

2∗𝐺𝑛∗𝑏
)
      (3.20) 
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3.4 DESIGN TABLES 

Design tables provided by manufacturers can be used as a starting point. The tables show 
possible configurations and indications based on span and loading. The design tables 
provided by Derix can be found in appendix: C - Design tables. 

 

The tables can help to plan your projects, but they do not replace structural calculations. 
[10] 

 

3.5 EXAMPLES 

Three configurations are calculated, using the different methods described in this chapter. 
This is done in order to demonstrate the design methods and to highlight the differences 
between configurations. 

More detailed calculations can be found in appendix: D - Calculations. 

3.5.1 Material properties 

The elements consist of single timber boards with strength class C24. The material properties 
for C24 can be found in the table below. 

 

Table 3.5: Material properties C24 

    
Bending strength fm;k 24 [N/mm2] 
    
Tensile strength ft;0;k 14 [N/mm2] 
 ft;90;k 0,4 [N/mm2] 
Compression strength fc;0;k 21 [N/mm2] 
 fc;90;k 2,5 [N/mm2] 
Shear strength fv;k 2,7 [N/mm2] 
 fr;k 1 [N/mm2] 
Modulus of elasticity E0;mean 11000 [N/mm2] 
 E90;mean 370 [N/mm2] 
Shear modulus Gmean 690 [N/mm2] 
 Gr;mean 50 [N/mm2] 
Density ρk 350 [kg/m3] 
 ρmean 420 [kg/m3] 
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3.5.2 Assumptions 

The European technical approval ETA-11/0189 includes a table for the characteristic shear 
strength fv;k. The values in this table are dependent on the thickness and number of layers of 
the CLT element. For these calculations the value of a single timber board with strength class 
C24 is used. 

A strength factor is introduced for the hollow core configuration. Dependent on the number 
of layers at the height of the hollow core. The strength factor increases the maximum allowed 
bending strength. Originating from the calculations for Glulam. 

Further assumptions: 

▪ A width of 1m is used for the purpose of simplifying calculations 

▪ Calculations are made for a simply supported single span configuration 

▪ For the HCCLT configuration it is assumed that the effective width reaches the 
entire flange 

▪ For the calculations according to the shear analogy it is assumed that an edge bond 
is present 

 

3.5.3 Data 

Overall dimensions: 

▪ Width:   3.0 m 

▪ Length: 7.2 m 

 

Factors used for calculations can be found in the table below.  

 

Table 3.6: Recommended factors 

   
Modification factor kmod 0,8 
Material factor γM 1,3 
Creep factor kdef 0,9 
Quasi-permanent ψ2 0,3 
Strength factor kl 1,075 

 

▪ 𝑘𝑚𝑜𝑑 , service class 1, according to EC 5 

▪ 𝛾𝑀, solid timber, according to EC 5 

▪ 𝑘𝑑𝑒𝑓, according to the CLT Handbook 

▪ 𝜓2, office areas, according to EC 0 

 

3.5.4 Contents 

▪ Example one: 5 layer CLT-element 

▪ Example two: 7 layer CLT-element 

▪ Example three: 7 layer HCCLT-element 
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3.5.5 Dimensioning 

The configuration of the examples can be found in Table 3.7. Example one and three use 
the same amount of material, which results in the same net cross-section. Example two and 
three use the same thickness for each individual layer, resulting in the same total height. 
These configurations are chosen to compare the result of relocating material and to 
investigate the influence of the hollow cores. The length of the elements is chosen as 7.2 m, 
since this is a common length in construction and a standard length used for hollow core 
concrete slabs. 

 

Table 3.7: Configuration of the examples 

 Example one Example two Example three 

    

Length span [mm] 7200 7200 7200 

    

Thickness layer 1 [mm] 40 40 40 

Thickness layer 2 [mm] 20 20 20 

Thickness layer 3 [mm] 40 40 40 

Thickness layer 4 [mm] 20 40 40 

Thickness layer 5 [mm] 40 40 40 

Thickness layer 6 [mm] - 20 20 

Thickness layer 7 [mm] - 40 40 

Total height [mm] 160 240 240 

    

Width hollow core [mm] - - 400 

Height hollow core [mm] - - 120 

    

Net cross-section [mm2] 160000 240000 160000 

 

   

Figure 3.10: Cross-section examples 
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3.5.6 Loading 

The loading depends on the permanent and variable loads on the element. Safety factors 

further determine the total design load. 

The permanent loading is determined by the self-weight of the element and the loading due 

to floor covering. 

Self-weight: 

𝑔𝑒 = 𝜌𝑚𝑒𝑎𝑛 ∙ 𝐴        (3.21) 

 

For: 

▪ Example one       𝑔𝑒 = 0,672 𝑘𝑁/𝑚 

▪ Example two       𝑔𝑒 = 1,008 𝑘𝑁/𝑚 

▪ Example three       𝑔𝑒 = 0,672 𝑘𝑁/𝑚 

 

Permanent load due to floor covering: 

▪ Screed        𝑔 = 1,0 𝑘𝑁/𝑚 

 

The variable loading is determined by the imposed loads, defined in Section 6 Imposed 

loads on buildings of Eurocode 1: Actions on structures – Part 1-1: General actions – 

Densities, self-weight, imposed loads for buildings. [35] 

▪ Office areas       𝑞 = 2,0 𝑘𝑁/𝑚 

▪ Movable partitions      𝑞 = 0,8 𝑘𝑁/𝑚 

 

The design load is determined in Annex A1 Application for Buildings of Eurocode: Basis 

of structural design. 

Design load: 

𝑞𝑑 = 𝛾𝐺 ∙ (𝑔𝑒 + 𝑔) + 𝛾𝑄 ∙ 𝑞       (3.22) 

 

Where: 

𝛾𝐺 = 1,35         (3.23) 

𝛾𝑄 = 1,5         (3.24) 
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3.5.7 Effective bending stiffness 

The effective bending stiffness is calculated for examples one through three using the 
different design methods. 

 

▪ Composite method 
 

(𝐸𝐼)𝑒𝑓 = 𝐸0 ∙
1

12
∙ 𝑏 ∙ 𝑎𝑚

3 ∙ 𝑘1       (3.25) 

 

▪ Mechanically jointed beams theory 
 

(𝐸𝐼)𝑒𝑓 = ∑(𝐸𝑖 ∙
1

12
∙ 𝑏 ∙ ℎ𝑖

3 + 𝐸𝑖 ∙ 𝛾𝑖 ∙ 𝐴𝑖 ∙ 𝑎𝑖2)    (3.26) 

 

▪ Shear analogy 
 

(𝐸𝐼)𝑒𝑓 = ∑ 𝐸𝑖 ∙
1

12
∙ 𝑏 ∙ ℎ𝑖

3𝑛
𝑖=1 + ∑ 𝐸𝑖 ∙ 𝐴𝑖 ∙ 𝑧𝑖2𝑛

𝑖=1     (3.27) 

 

Table 3.8: Effective bending stiffness [Nmm^2] 

 Example one Example two Example three 

    

Composite method 3.358e^12 1.052e^13 9.693e^12 

    

Mechanically jointed beams 

theory 

3.240e^12 1.011e^13 8.632e^12 

    

Shear analogy 3.358e^12 1.044e^13 9.445e^12 

 

The mechanically jointed beams theory is the most conservative, with the lowest effective 
bending stiffness for all configurations. 

For the bending stiffness of example two, the mechanically jointed beams theory makes use 
of two gamma factors. One for the outer layer and one for the inner layer. The “inner” layer 
is composed of the inner five layers and is calculated in the same manner as a five layer CLT 
element, like that of example one. Then with the extra gamma factor the outer layers are 
added to calculate the total bending stiffness of the 7 layer CLT element. 
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3.5.8 Normal stress 

Tensile and compressive stresses are checked and should stay within the limits. Since the 
mechanically jointed beams theory seems the most conservative, this method is used to check 
the compression and tension. 

▪ Tension check 
 

𝜎𝑡 =
(𝑀𝑚𝑎𝑥∙𝐸0∙𝛾𝑖∙𝑎𝑖)

(𝐸𝐼)𝑒𝑓
≤ 𝑓𝑡;𝑑       (3.28) 

 

▪ Compression check 
 

𝜎𝑐 =
(𝑀𝑚𝑎𝑥∙𝐸0∙𝛾𝑖∙𝑎𝑖)

(𝐸𝐼)𝑒𝑓
≤ 𝑓𝑐;𝑑       (3.29) 

 

3.5.9 Bending stress 

Maximum bending stresses occur at the top and bottom fibres. These stresses are not allowed 
to exceed the critical value for bending stress. 

▪ Composite method 
 

𝜎𝑚 = 𝐸0 ∙
𝑀𝑚𝑎𝑥

(𝐸𝐼)𝑒𝑓
∙

𝑎𝑚

2
≤ 𝑓𝑚;𝑑       (3.30) 

 

▪ Mechanically jointed beams theory 
 

𝜎𝑚 = 𝐸0 ∙
𝑀𝑚𝑎𝑥

(𝐸𝐼)𝑒𝑓
∙ 𝛾𝑖 ∙ 𝑎𝑖 ≤ 𝑓𝑚;𝑑      (3.31) 

 

▪ Shear analogy 
 

𝜎𝑚 = 𝐸0 ∙
𝑀𝑚𝑎𝑥

(𝐸𝐼)𝑒𝑓
∙ 𝑧𝑖 ≤ 𝑓𝑚;𝑑       (3.32) 
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The different design methods show small differences in the graphs for the bending stress. 

The 𝛾 factor of the mechanically jointed beams theory and the modulus of elasticity for the 
cross-layer used in the shear analogy influence the result. The graphs can be seen in the 
figures below. 

   

Figure 3.11: Bending stresses in N/mm2, according to the Composite method 

 

   

Figure 3.12: Bending stresses in N/mm2, according to the Mechanically jointed beams theory 

 

   

Figure 3.13: Bending stresses in N/mm2, according to the Shear analogy 
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3.5.10 Shear stress 

Maximum values for shear and rolling shear may not be exceeding critical values. Only the 

mechanically jointed beams theory and the shear analogy perform calculations on shear. 

▪ Composite method 
N.A. 

▪ Mechanically jointed beams theory 
 

𝜏𝑣 = 𝑉𝑚𝑎𝑥 ∙
(𝐸0∙𝐴1∙𝛾1∙𝑎1)

(𝐸𝐼)𝑒𝑓∙𝑏
≤ 𝑓𝑣;𝑑      (3.33) 

 

▪ Shear analogy 
 

𝜏𝑣 = 𝑉𝑚𝑎𝑥 ∙
𝐸∙𝑆

(𝐸𝐼)𝑒𝑓
≤ 𝑓𝑣;𝑑       (3.34) 

 

The boards oriented in longitudinal direction are stressed in longitudinal shear, the values 
can be found in the figures below. For the boards oriented in transverse direction these 

values are that of rolling shear, 𝜏𝑟. The methods show a very similar distribution of stress. 

   

Figure 3.14: Shear stresses in N/mm2, according to the Mechanically jointed beams theory 

 

   

Figure 3.15: Shear stresses in N/mm2, according to the Shear analogy 
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Extra checks are performed on the hollow core configuration. The longitudinal shear stress 

in the cross-layer, that occurs due to the cooperating 

flanges, is checked. As well as the bending and shear 

stresses for the cross-span over the hollow cores. 

The force in the longitudinal oriented boards over the 

hollow cores needs to be transferred to the web. Since 

the boards are not edge bonded the cross-layer is 

responsible for the shear of area 𝐴𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 , only 

the height of the cross-layer, ℎ𝑐𝑟𝑜𝑠𝑠, is stressed. 

Figure 3.16: Shear distribution I-profile 

 

    

Figure 3.17: Longitudinal shear stress in the cross-layer, due to cooperating flanges 

 

The check is performed where flange and web meet. The longitudinal shear in the cross-

layer is calculated with the equation below, this is done according to the Mechanically 

jointed beams theory. 

 

𝜏𝑣 =
𝑉𝑚𝑎𝑥∙(𝐸0∙𝐴𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑠𝑝𝑎𝑛∙𝛾1∙𝑎1)

(𝐸𝐼)𝑒𝑓∙ℎ𝑐𝑟𝑜𝑠𝑠 𝑙𝑎𝑦𝑒𝑟
≤ 𝑓𝑣;𝑑     (3.35) 

 

Additional bending and shear checks are performed for the cross layer, spanning the 

hollow core. Simplified calculations are used. 

▪ Bending 

 

𝑀

𝑊
≤ 𝑓𝑚;𝑑         (3.36) 

 

▪ Shear 

 

1,5∙𝑉

𝐴
≤ 𝑓𝑣;𝑑         (3.37) 
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3.5.11 Deformation 

The total deformation can be divided into the deformation due to permanent and variable 
loading. Additional factors for creep and time further determine the final deflection. 

The deformation is calculated with the effective bending stiffness found with the 
Mechanically jointed beams theory, since this is the most conservative one. 

 

𝑤 =
5

384
∙

𝑞∙𝑙4

𝐸𝐼
         (3.38) 

 

The final deformation is calculated with the simplified equations from Section 2: Basis of 
design of the Eurocode 5 – Design of timber structures – Part 1-1: General – Common rules 
and rules for buildings. This is done under the assumption that the factor for creep, according 
to the CLT Handbook, will suffice. 

 

𝑢𝑓𝑖𝑛 = 𝑢𝑓𝑖𝑛,𝐺 + 𝑢𝑓𝑖𝑛,𝑄1 + 𝑢𝑓𝑖𝑛,𝑄𝑖      (3.39) 

where: 

𝑢𝑓𝑖𝑛,𝐺 = 𝑢𝑖𝑛𝑠𝑡,𝐺 (1 + 𝑘𝑑𝑒𝑓)       (3.40) 

𝑢𝑓𝑖𝑛,𝑄1 = 𝑢𝑖𝑛𝑠𝑡,𝑄1 (1 + 𝛹2,1 𝑘𝑑𝑒𝑓)      (3.41) 

 

Table 3.9: Instantaneous and final deflection 

 Example one Example two Example three 

    

Instantaneous deflection [mm] 48.3 16.6 18.1 

    

Final deflection [mm] 72.7 25.5 27.3 

 

Limiting values for the deformation are taken according to Table 7.2 – Examples of limiting 
values for deflections of beams from Eurocode 5 – Design of timber structures – Part 1-1: 
General – Common rules and rules for buildings. 

 

𝑤𝑖𝑛𝑠𝑡 ≤ 𝑙/300 𝑡𝑜 𝑙/500       (3.42) 

𝑤𝑓𝑖𝑛 ≤ 𝑙/250 𝑡𝑜 𝑙/350       (3.43) 

 

The Shear analogy includes the deformation due to shear, however due to the fact that an 
edge bond is assumed for the Shear analogy the additional deformation is minimal. Roughly 
1 to 2 mm. 

𝑤 =
5

384
∙

𝑞∙𝑙4

𝐸𝐼
+

𝑞∙𝑙2

8∙𝐺𝐴
        (3.44) 
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3.5.12 Vibration 

The Eurocode 5 includes design criteria that apply to a fundamental frequency higher than 
8 Hz. Floors with a lower fundamental frequency require special investigation. 

The requirements in Eurocode 5 are for a rectangular floor with overall dimensions 𝑙 ∙ 𝑏, 

simply supported along all four edges and with timber beams spanning in 𝑙 direction. An 
approximation of the fundamental frequency can be calculated with the equation below. 

▪ Fundamental frequency 

 

𝑓1 =
𝜋

2∙𝑙2
∙ √

𝐸𝐼

𝑚
         (3.45) 

 

The mass 𝑚 in kg/m2 is taken as the permanent load only, partitions and variable loading 
are excluded. 

 

Table 3.10: Fundamental frequencies 

 Example one Example two Example three 

    

Fundamental frequency [Hz] 4.2 6.8 6.9 

 

For residential floors with a fundamental frequency greater than 8 Hz the following 
requirements should be satisfied: 

 

𝑤

𝐹
≤ 𝑎 [𝑚𝑚/𝑘𝑁]          (3.46) 

𝑣 ≤ 𝑏(𝑓1𝜁−1) [𝑚/(𝑁𝑠2)]         (3.47) 

 

𝑤 is the maximum instantaneous vertical deflection due to a vertical concentrated static force 

𝐹 applied at any point on the floor. 

𝑣 is the maximum initial value of the vertical vibration velocity produced by an ideal unit 
impulse of 1 Ns, applied at the point on the floor giving the maximum response. 
Components above 40 Hz may be disregarded. 

ζ is the modal damping ratio. Unless other values are proven to be more appropriate, a value 
of 1 % should be assumed. 
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Figure 3.18: Recommended range of and relationship between 𝒂 and 𝒃 

Source: [19] 

 

Figure 3.18 shows the recommended range of the relationship between 𝑎 and 𝑏, 1 better 
performance, 2 poorer performance. A quick calculation for the HCCLT element showed a 
value of approximately 1 for a and roughly 1200 for b, placing the outcome in the better part 
of the recommended range. For this calculation assumptions were made regarding the width 
of the floor, bending stiffness in cross-direction, the deformation, etc. 
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3.6 CONCLUSION 

This chapter covered the structural design of cross-laminated timber. CLT is a relative 
flexible building material with a low dead weight. The design is often determined by 
serviceability criteria, such as deformation and vibration. Strength criteria, like bending and 
shear are mostly not governing. However, the rolling shear properties of the cross-layers can 
control the design, it influences the effective bending stiffness and stress distribution. It also 
causes a larger deformation due to shear than for other wood based products. 

The calculations performed in this chapter show the deformation governing the design for 
all three configurations. With the different methods all showing a very similar outcome, while 
the composite method does not account for shear deformation and both the mechanically 
jointed beams theory and the shear analogy do. This is mainly due to the large span over 
depth ratio, reducing the influence of the shear deformation. The mechanically jointed beams 
theory from the EC 5 is the most conservative, showing the lowest effective bending 
stiffness. 

Results for the normal stress, due to bending, and the shear stress are also very close. Again 
with the EC 5 as the most conservative, showing the highest values, due to the lower effective 
bending stiffness. For the normal stress the differences between configuration two and three 
show little influence by the reduction in nett cross-section. The HCCLT configuration does 
show larger values for shear. Because of the hollow cores there is less material in the middle 
of the element, resulting in shear stresses between 2 to 3 times higher compared to the other 
configurations. Still the values are well within the limits. 

An extra shear check is performed on the HCCLT configuration, in this case not governing 
the design. However, the values are such that it may influence the thickness of the cross-
layers for other specific cases and should be looked into. 

The vibrations are assumed not governing the design, showing first fundamental frequencies 
of approximately 7 Hz for examples two and three. The already small contribution of the 
dead weight to the loading is not altered much by the reduced net cross-sectional area of the 
HCCLT configuration and as a result does not significantly affect the fundamental frequency. 
In combination with the amplitude of acceleration the behaviour does however show a 
negative effect on the comfort of the user. 

The possible size of the hollow cores depends on the length of the span, loading situation 
and element configuration. In the case of these examples a reduction of more than 30% for 
the net cross-sectional area is realised with the hollow cores. The effective bending stiffness 
is almost the same for examples two and three and when comparing example one to example 
three, which uses the same amount of material, the effective bending stiffness is greatly 
increased, showing a much more efficient use of material. 
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4 MODELLING & STRUCTURAL ANALYSES 

The behaviour of Hollow Core Cross-Laminated Timber, both during manufacturing and in 
use, is unknown. The calculations in the previous chapter show little difference between 
examples, with respect to the capacity. This would indicate that a more efficient use of 
material is possible. 

Multiple different models are made and analysed in this chapter, in order to investigate the 
behaviour and determine the influence of the manufacturing process on the possible 
composition of HCCLT. 

To produce the 3D mechanical models, Autodesk Inventor 3D CAD software is used. This 
software then allows you to connect with and analyse the model in ANSYS. 

4.1 MODELLING 

Derix has produced test samples of 6- and 7-layer HCCLT elements. The two different 
configurations can be seen in Figure 4.1. The test samples were produced by pausing the 
manufacturing process in order to relocate the boards of a single layer to form the web. For 
the purpose of these test samples this was done by hand, however this procedure can easily 
be automated for production purposes. 

 

Figure 4.1: Hollow Core CLT-element 

Source: W.u.J. Derix GmbH & Co 

  



Modelling & Structural analyses 

54 | MSc Thesis by Bart van Aken 
 

4.1.1 First attempt 

As a first attempt a model was made using the layout of one of the test samples made by 
Derix. A “full” HCCLT element, measuring 3,0 m in width and spanning 7,2 m in length was 
modelled. 

   

Figure 4.2: “Full” HCCLT-element modelled in Autodesk Inventor 

 

The default for all connections is bonded, this would suggest that all edges are glued and a 
proper bond is realized all around. This is however not the case, many companies including 
Derix do not glue the narrow faces of the individual boards. This means that there is no 
edge bond present. To account for this the connections between boards in a single layer 
have to be modelled differently, for this first attempt the connections are simply 
suppressed. This means that the elements can move freely, there is no connection realized 
between the sides of the boards. 

The deformation and equivalent stress distribution can be seen in Figure 4.3 and Figure 
4.4. The result of suppressing the connections on the narrow faces can be observed in the 
stress distribution of the cross layers. It clearly shows the introduction of stress for each 
individual board, all boards are individually stressed. 

   

Figure 4.3: Deformation and equivalent stress 

 

   

Figure 4.4: Equivalent stress – web and cross layer 
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This first attempt showed the possibility of modelling the HCCLT element. However, the 
size of the model limits model refinement, with respect to mesh, connection options, etc. A 
closer look into the types of connections and contact options is necessary in order to use 
the appropriate options to further refine the model. 

4.1.2 Review on modelling options 

4.1.2.1 Type of connection 
The imported geometry automatically determines all connecting surfaces as being bonded, 
however not all connecting surfaces are bonded. The narrow faces are not glued and during 
manufacturing the glue is still wet for the wide faces, so does not yet provide any bond. The 
different options for the connection between surfaces are bonded, no separation, rough, 
frictionless and frictional. 

The bonded connections are not allowed to separate and slide, the surfaces are bonded like 
glue. Tolerance in the design assures that surfaces will be together, with or without the 
presence of a gap and or in the case of penetration. No separation allows for the surfaces to 
slide a bit, relative motion is allowed. A rough connection cannot slide but is allowed to 
separate. Frictionless connections can separate and slide freely, with the friction coefficient 
set to zero. Compared to the frictionless connection option, the frictional connection option 
uses a user defined coefficient of friction. The surfaces will only slide after a certain threshold 
resistance value for the shear stress, which depends on the coefficient that is chosen. 

4.1.2.2 Contact options 
When the surfaces of two separate elements touch, such that they become mutually tangent, 
they are in contact with each other. Contact between surfaces is usually described by the 
following characteristics: The surfaces do not interpenetrate and they can transmit 
compressive normal forces and tangential friction forces. However, they often do not 
transmit tensile normal forces, which means that the surfaces can separate and move away 
from each other. 

To enforce impenetrability, prevent the surfaces from passing through each other in the 
analysis, a relationship must be established between surfaces. Several algorithms can be 
chosen to enforce contact compatibility. 

The contact algorithms Pure Penalty and Augmented Lagrange are both penalty-based. The 

formulation of these algorithms is based on the contact force 𝐹𝑛𝑜𝑟𝑚𝑎𝑙, the contact stiffness 

𝑘𝑛𝑜𝑟𝑚𝑎𝑙 and the penetration 𝑥𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛. The higher the contact stiffness the lower the 

penetration. For penalty-based methods it is not possible to achieve zero penetration, but 
the solutions will be accurate as long as the penetration can be considered negligible. 

 

Figure 4.5: Visualization of penalty-based algorithms 

Source: [36] 
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Pure Penalty:    

𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝑘𝑛𝑜𝑟𝑚𝑎𝑙 ∙ 𝑥𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛       (4.1) 

Augmented Lagrange:   

𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝑘𝑛𝑜𝑟𝑚𝑎𝑙 ∙ 𝑥𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 𝜆      (4.2) 

 

Both accuracy and convergence behaviour are affected by the normal contact stiffness. A 
larger stiffness means a higher accuracy, but can lead to difficulties in the convergence, which 
may cause the model to oscillate. Because of the extra term present in the Augmented 
Lagrange method, it is less sensitive to the contact stiffness. 

An alternative to the penalty-based methods is the Lagrange algorithm. The normal Lagrange 
algorithm contains an added degree of freedom, introduced by solving the contact force as 
an DOF instead of a function of the contact stiffness and the penetration,  to satisfy contact 
compatibility. The advantage of this method is the zero to nearly-zero  penetration and does 
not require contact stiffness. The computation can be more demanding. Another 
disadvantage can occur in the form of chattering which often occurs if no penetration is 
allowed. The contact between surfaces becomes a step function, this can lead to oscillating 
between the contact status being open or closed and makes the convergence difficult. 

 

Figure 4.6: Normal Lagrange as an alternative to Penalty-Based 

Source: [36] 

 

Finally the Multi-Point Constraint (MPC) formulation is described. This algorithm can be 
used in the case of bonded contacts only. It adds constraint equations to the displacement 
between surfaces. Advantages are its good convergence, no required contact stiffness and no 
penetration. It’s an efficient way of relating surfaces of bonded connections, not penalty-
based or Lagrange multiplier-based. 

 

Figure 4.7: Multi-Point Constraint, for bonded contacts only 

Source: [36] 
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4.1.2.3 Edge bonded or non-edge bonded 
Individual boards are connected to each other over the wide faces by gluing. The narrow 

faces may either be in contact, with or without being glued, or may be arranged with a 

small spacing between each other. 

 

Figure 4.8: CLT without being glued at the narrow faces, with and without intended spacing 

Source: [37] 

 

Considering the standard configuration of CLT elements, which means no intended spacing 
between the narrow faces and without gluing the narrow faces, no edge bond. Modelling the 
connection between boards at the narrow faces can be done by using a contact options that 
allows for some movement between boards or the contact between boards can be neglected 
by suppressing the contact option. Unintended spacing due to shrinkage or swelling make 
the coefficient of friction and contact conditions uncertain, even for configurations that are 
glued at the narrow faces. [37] [38] 

The connection between layers is realised by gluing the wide faces of the boards together. 
This connection is modelled as bonded, which provides a rigid connection. The connection 
is not allowed to separate or slide. 

 

Figure 4.9: Glued joint of a single board crossing 

Source: [37] 
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Adjacent laminations may be edge bonded or non-edge bonded. For non-edge bonded 

laminations, the width of gaps between adjacent boards within a timber layer shall be less 

than or equal to 6 mm [27]. 

 

Figure 4.10: HCCLT scale model, non-edge bonded with exaggerated gaps 
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4.2 DURING MANUFACTURING 

An option to produce Hollow Core Cross-Laminated Timber is separately pressing the 
flanges and the web. Producing CLT panels and Glulam beams and then combining them. 
This is however time consuming and to more efficiently produce HCCLT elements, the 
possibility of pressing the whole element at ones will be investigated. 

At Derix, CLT elements are pressed in a hydraulic press with a pressure of 0.6 MPa. The 
expected distribution of stress for the configuration seen in Figure 4.11 results in an average 
stress of 1.8 MPa for the web, with peak stresses in the corners where the web and flange 
meet. Stresses in the flanges might be minimal, due to the possibility of “free” motion in 
vertical direction. 

These stresses might result in glue squeeze out in area one and insufficient pressure to 
properly bond layers in and around area two, see Figure 4.11. 

 

Figure 4.11: Problem areas for manufacturing, Hollow Core Cross-Laminated Timber 

 

4.2.1 Engineering data 

The material library of ANSYS does not include timber 
properties. The engineering data used for the analysis can 
be found in Table 3.1. Since timber is anisotropic, two new 
materials are added to the library, Timber C24 and Timber 
C24 Transverse (the latter is used for the cross layers). 

4.2.2 Geometry 

The models made in Autodesk Inventor are imported into 
the geometry of ANSYS for analysis. For the purpose of 
analysing the behaviour during pressing the models are 
limited to a length of 1,0 m. Two models are made and analysed, a model with an II-profile 
and by making use of symmetry an R-profile. The II-profile is used to determine the 
behaviour and to check the outcome of the R-profile. By limiting the length of the models 
and reducing its size, for the R-profile, more freedom is provided for choosing mesh size 
and other options that limit computer calculations, such as connection options. The model 
with the R-profile is therefore used to perform most of the analysis. 
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Figure 4.12: Models with an II-profile and, by symmetry, an R-profile 

 

4.2.3 Model 

4.2.3.1 Connections 
During manufacturing the elements are glued and pressed in order to produce a bond 
between layers. This means that when the elements are in the process of being pressed there 
is no bond present. In order to be able to model the behaviour different connection options 
are chosen for the different contact regions. 

The contact regions are separated into two categories. Connections between the wide faces 
and narrow faces of the individual boards. 

Since there is no edge bond present, the side by side contact between boards is suppressed. 
Compared to using the frictionless contact option the computing time and power needed are 
much lower and still provide accurate results provided the following holts: It should be 
checked that the elements representing the individual boards do not significantly crossover 
/ overlap, since this is not possible and may influence the outcome of the analysis. 

   

Figure 4.13: Suppressed contact regions 
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All contacts on the wide faces are modelled as bonded. In reality this is not the case since 
the element is in the process of being pressed and a bond is hopefully realised during this 
procedure. However by modelling the contact as bonded the results of the normal stress in 
y-direction can be checked to see if the pressure is transferred from one layer to another. 
And if tensile stresses occur between layers it shows that the layers will separate. 

   

Figure 4.14: Bonded contact region and proposed bond check 

 

4.2.3.2 Mesh 
Many different mesh shapes and sizes can be chosen to perform the analysis. And these can 
be further refined at specific locations, edges etc. The following mesh is used to provide 
accurate results and maintaining an even distribution over the whole element, which in turn 
also contributes to the accuracy of the results. [39] 

For both the II-profile and R-profile a square mesh is taken. This shape best suits the 
situation, because of its even distribution and symmetry over the model. Limits for the 
number of elements determined sizing. Resulting in a 10x10x10 mm3 mesh for the II-profile 
and a 5x5x5 mm3 mesh for the R-profile. 

 

Figure 4.15: Mesh distribution 
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4.2.4 Setup 

A hydraulic press is used for the manufacturing. Applying a pressure on the top surface of 
the model does not have the desired outcome. Since the flanges of the element are less 
resistant to the applied pressure the deformation on the top surface is uneven and not reliable 
or true to reality. To model the pressing process of an element, displacement restrictions are 
used. 

Three different setups are uses for the models. Pressing the element without supporting the 
flanges, and with partial and full support structures in the hollow cores. This is done in 
relation to the expected problems described in the beginning of this chapter. 

 

Figure 4.16: No support structure 

 

 

Figure 4.17: Partial support structure 

 

 

Figure 4.18: Full support structure 
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4.2.4.1 Displacements & frictionless supports 
To model the behaviour of the pressing process the bottom surface of the element is 
restricted in moving in vertical direction, while the top surface is forced down by a certain 
distance, corresponding to the pressure produced by the press. This distance can be 
determined with the modulus of elasticity and is checked in the analysis. 

The zero displacement restriction on the bottom surface is the same for both the II-profile 
and the R-profile. Because of the symmetry around the x-axis the height of the model is 
reduced to half and so is the displacement restriction placed on the top surface of the model. 

 

Figure 4.19: Displacement restrictions 

 

The R-profile requires boundary conditions for symmetry. These conditions can be enforced 
with frictionless supports on the left and right surfaces. On the right side only the cross layers 
are supported by frictionless supports, since there is no bond present at the narrow faces of 
individual boards. Figure 4.20 shows the frictionless supports, in blue. 

 

Figure 4.20: Frictionless supports 

 

  



Modelling & Structural analyses 

64 | MSc Thesis by Bart van Aken 
 

4.2.5 Solution and results 

Both models are analysed with and without support structures located in the hollow cores. 
A support in the middle of the span is tested as well as a support spanning the full length of 
the hollow core. 

4.2.5.1 Force reaction 
Displacement restrictions are used to simulate the behaviour of the press. A force reaction 
on the bottom surface is used to verify the pressure realized by the displacement restrictions. 
The force reaction is a product of the pressure and surface area and since we know the 
surface area, we can use the force reaction to determine the pressure. 

The configuration of the element results in an uneven distribution of stress. Introducing a 
pressure of 0,6 MPa over the whole top surface resulted in unnecessarily high stresses in the 
web. To determine the displacement restrictions the pressure is checked there where the net 
cross sectional area is minimal, in order to not introduce unnecessarily high stresses. 

The displacements introduced on the top surface are 0,39 mm for the model with the II-
profile and 0,195 mm for the R-profile. The modulus of elasticity is used to determine the 
needed strain in y-direction. The force reaction resulted in nearly the same displacements. 

 

Figure 4.21: Force reaction 
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4.2.5.2 Deformation 
The displacement restrictions for the configuration without any additional supports result in 
the deformation that can be seen in Figure 4.22. Showing maximum deformation at the top 
and over almost the whole width of the flange. 

The flange shows little resistance to the deformation. It can be observed that the deformation 
in the flange is similar over most of its width, it only differs very close to the web. Here the 
web and part of the transverse layer provide support and resistance to the deformation. 

In Figure 4.22, showing the deformation of the R-profile, a discontinuity in deformation can 
be observed, located at the narrow faces of the boards in the top layer. This is due to the 
suppressed contact region, accounting for the lack of edge bond. 

 

Figure 4.22: Deformation 

 

The two configurations where the flange is supported during pressing show improvement. 
The maximum deformation occurs over a smaller area. The partial support mainly influences 
the deformation close to the supported area. The location underneath of where two boards 
in longitudinal direction meet shows some improvement in distribution. Supporting the 
whole span shows an even deformation, with minor disruptions at the sides of individual 
boards. 

   

Figure 4.23: Deformation, partially and fully supported 
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4.2.5.3 Normal stress 
For the distribution of normal stress in y-direction the same can be observed as for the 
deformation. Since the unsupported flange is moving relatively freely in vertical direction, 
which is the direction of pressure, it is almost not stressed. This means that the contribution 
of the flange is small and that almost all pressure is taken by the web. 

Since most of the pressure is transferred directly through the web a lower pressing pressure 
is used on the top surface. Providing a solution for the peak stresses located at the corners, 
which values where too high and protruded too far into the material to assume a sufficient 
redistribution of stresses. However, still not offering a solution for the flanges. The normal 
stress distribution in y-direction, shown in Figure 4.24, shows no compression in the flange. 
The middle of the flange even shows some tension, indicating the layers in the flange would 
separate. 

   

Figure 4.24: Normal stress in y-direction 

 

 

Figure 4.25: Compression and tension in the element 

 

The influence of not providing a proper bond between longitudinal and transverse layers in 
the flange is investigated in the analysis for the model in use, paragraph 4.3: In use. 
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By supporting the flanges during pressing the pressure is distributed more evenly over the 
element. Again, the same goes for the distribution of stress in vertical direction as for the 
deformation. The partial support influences the distribution close to its location and has 
almost no influence directly next to it. There is not enough compression to realize a full bond 
between layers in the flange. By fully supporting the flange the pressure is distributed evenly 
over the element and (governing) peak stresses are avoided. A good bond between 
longitudinal and transverse layers is realized over the whole width of the element, including 
the flanges. 

 

Figure 4.26: Normal stress in y-direction, partially supported 

 

   

Figure 4.27: Normal stress in y-direction, fully supported 

 

The distribution of normal stress in x-direction shows clear tensile and compressive stresses 
in the cross layers. This is expected since the cross layer is spanning the hollow core in x-
direction. The distribution of these stresses is influenced in the R-profile due to the force 
reactions as a result of the frictionless supports. The frictionless supports provide the 
boundary conditions for symmetry and are necessary in the model. In the analysis of the R-
profile only compressive forces are observed. The stresses are not governing and do not 
significantly influence the stress distribution in y-direction, which determines the successful 
realization of a proper bond. 
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4.2.5.4 Shear stress 
Shear stresses in the xy-plane for both the model without support as for the one with a partial 
support structure are too high. For the boards oriented in longitudinal direction this is rolling 
shear. The value for rolling shear is exceeded at the corners of the hollow cores, though the 
stress only protrudes a couple of mm into the material. 

When the full width of the flange is supported during pressing the shear stress decreases 
significantly and does not govern the design anymore. 

 

Figure 4.28: Shear stress in the xy-plane 

 

Shear stresses in the yz- and xz-plane do not govern the results. 
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4.2.6 Conclusion 

This paragraph analyses the behaviour during manufacturing. Two models with a different 
geometry are subjected to a forced deformation, mimicking the pressing procedure, to 
investigate the behaviour of a HCCLT element. 

The smaller R-profile provides more freedom in mesh size and connection options. Small 
differences in the solution show that the finer mesh does increase accuracy, but this does not 
significantly alter the final results. The finer mesh does also increase peak stresses at certain 
points in the element, as long as these peak stresses are not that high and occupy very small 
areas the stresses are assumed to redistribute. 

During pressing the flange shows little resistance to deformation. It can be observed that the 
deformation in the flange is similar over most of its width, it only differs very close to the 
web. Here the web and part of the transverse layer provide support and resistance to the 
deformation. The same holds for the configuration with a partial support, a large part of the 
flange is still unsupported and “free” to move. Since the flange deforms so easily when not 
or only partially supported the distribution of normal stress in y-direction shows almost no 
stress in the flange. This indicates that the bond between longitudinal and transverse layers 
will not be adequate. As the glue between layers cannot establish a proper bond without 
pressure. 

A full support results in an even deformation over the whole element, with only small 
discontinuities located at the narrow faces of individual boards. It also shows an even 
distribution of stress. Note that the support that is used during pressing should move with 
the element. Saying that the support structure should compress in the same manner as the 
timber located at the web, this can be realized by using the same material for the support 
structure or something with the same modulus of elasticity. If the support structure is to 
rigid, not enough of the pressure will pass through the web and the timber layers in the web 
will not be bonded properly. On the other hand, when the support structure is not rigid 
enough the flanges will not bond properly. 

Adjustments can be made to automate the process. But, the configuration and dimensions 
of the hollow cores do influence the manufacturing process. Support structures are necessary 
to distribute stresses evenly in order to produce a proper bond. 
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4.3 IN USE 

Cross-Laminated Timber is a relatively new product which has not been optimized for the 
wide area of applications it is being used for. The solid timber elements can be best compared 
to heavy construction systems, with a large cross sectional area. The design is often 
determined by serviceability criteria, such as deformation and vibration. The effective 
bending stiffness and stress distribution depend largely on the rolling shear modulus of the 
cross layers. This causes a larger deformation due to shear than for other wood based 
products. Strength criteria, like bending and shear are mostly not governing. 

The design methods researched in chapter 3 show little difference in load bearing capacity 
between standard CLT and the configuration with hollow cores. The configuration of a 
HCCLT element provides a possibility of reducing the cross sectional area. According to the 
design methods the design is still governed by the deformation. 

Two models are made and analysed in this paragraph to determine the behaviour of HCCLT. 
The results are compared to those found with the design methods. 
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4.3.1 General information 

 

Table 4.1: Material properties C24 

    

Density ρmean 420 [kg/m3] 
    
Tensile strength ft;0;k 14 [N/mm2] 
 ft;90;k 0,4 [N/mm2] 
Compression strength fc;0;k 21 [N/mm2] 
 fc;90;k 2,5 [N/mm2] 
Shear strength fv;k 2,7 [N/mm2] 
 fr;k 1 [N/mm2] 
Modulus of elasticity E0;mean 11000 [N/mm2] 
 E90;mean 370 [N/mm2] 
Shear modulus Gmean 690 [N/mm2] 
 Gr;mean 50 [N/mm2] 

 

The overall dimensions and thickness of the individual layers can be found in the table below. 

 

Table 4.2: Build-up of the configuration 

  

Length span [mm] 7200 

  

Thickness layer 1 [mm] 40 

Thickness layer 2 [mm] 20 

Thickness layer 3 [mm] 40 

Thickness layer 4 [mm] 40 

Thickness layer 5 [mm] 40 

Thickness layer 6 [mm] 20 

Thickness layer 7 [mm] 40 

Total height [mm] 240 

  

Width hollow core [mm] 400 

Height hollow core [mm] 120 

 

The loading situation is listed below, see paragraph 3.5.6. for a more elaborate specification. 

 

Table 4.3: Loading situation 

    

Permanent loading    

Self-weight ge 0,67 [kN/m2] 

Screed g 1,00 [kN/m2] 

    

Variable loading    

For an office area q 2,00 [kN/m2] 

Movable partitions q 0,80 [kN/m2] 
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4.3.2 Engineering data 

The material library of ANSYS does not include timber 
properties. The engineering data used for the analysis can 
be found in Table 3.1. Since timber is anisotropic, two new 
materials are added to the library, Timber C24 and Timber 
C24 Transverse (the latter is used for the cross layers). 

4.3.3 Geometry 

The models made in Autodesk Inventor are imported into 
the geometry of ANSYS for analysis. To analyse the 
behaviour of a HCCLT element in use, two models are 
made. An II-profile with a length of 7,2 m and an C-profile 
with a length of 3,6 m. The C-profile makes use of boundary conditions to insure the 
symmetric conditions. By limiting the length and overall size, the model of the C-profile 
provides more freedom in choosing mesh size, contact options, etc. The results of the C-
profile are used to analyse the behaviour of a HCCLT element, the outcome of the II-profile 
is used to check these results. 

 

   

Figure 4.29: II profile of 7,2 m and the C profile with a length of 3,6 m 
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4.3.4 Model 

4.3.4.1 Connections 
In the analysis performed to investigate the behaviour during pressing it is clear that without 
any support structure located in the hollow cores the layers do not bond properly in the 
flanges. In order to determine the influence this has on the element the connection options 
for the models are formulated with and without proper bond in the flanges of the element. 

Pressing the element with the span over the hollow core fully supported results in a proper 
bond over the whole element. The contact regions for the model with proper bond in the 
flanges are separated into two categories. Connections between the wide faces and narrow 
faces of the individual boards, the following contact options are used. Since there is no edge 
bond, the side by side contact between boards is suppressed. Compared to using the 
frictionless contact option the computing time and power needed are much lower and still 
provide accurate results provided the following holts: It should be checked that the elements 
representing the individual boards do not significantly crossover / overlap, since this is not 
possible and may influence the outcome of the analysis. All contacts on the wide faces are 
modelled as bonded. 

   

Figure 4.30: Contact regions on the narrow faces 

 

When the pressing of the element does not result in an adequate bond between the layers 
above the hollow cores, this should be accounted for in the analysis. Meaning the connection 
may not be modelled as bonded. Suppressing this connection is not an option, because the 
layers will be pressed through each other, which is not possible. These connections should 
therefore be set to frictionless or no separation in order to get reliable results. 

Because of the large number of contact regions no longer modelled as bonded the overlap 
between elements is significant. In order to model the behaviour the contact option no 
separation is used for all contact regions on the narrow faces and for the wide faces located 
in the flanges. This provides an accurate representation of reality. Some movement is possible 
as long as the individual boards can be expected to not separate under the specific load case. 

   

Figure 4.31: Contact regions on the wide faces 
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4.3.4.2 Mesh 
Many different mesh shapes and sizes can be chosen to perform the analysis. And these can 
be further refined at specific locations, edges etc. The following mesh is used to provide 
accurate results and maintaining an even distribution over the whole element, which in turn 
also contributes to the accuracy of the results. [39] 

For both the II-profile and C-profile a square mesh is taken. This shape best suits the 
situation, because of its even distribution and symmetry over the model. Limits for the 
number of elements determined sizing. Resulting in a 203 mm3 mesh for the II-profile and a 
103 mm3 mesh for the C-profile. 

Due to the size of the element a finer mesh is not possible and seen the little differences 
compared to a mesh of 20x20x20 mm3 it is unlikely it would result in more accurate results. 
Peak stresses will definitely increase, however deflection and rough stress distribution will 
not be impacted as much. The mesh is limited to two mesh-elements over the height of the 
cross layer, due to the chosen mesh distribution. However, an even and symmetrical 
distribution of the mesh over the whole element will give the most accurate and reliable 
results, also when this means that the cross layer only has two mesh-elements over its height. 

 

Figure 4.32: Mesh distribution 
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4.3.5 Setup 

To determine the behaviour of a HCCLT element in use, analysis are performed on a simply 
supported configuration with a span of 7,2 m. The C-profile is modelled from the right 
support to the middle of the span, where symmetry conditions are applied. 

4.3.5.1 Displacements & frictionless supports 
The support structure is modelled with displacement restrictions and additional frictionless 
supports for the C-profile, which provide the boundary conditions for the symmetry. 

For the II-profile both ends are supported in y-direction, where the displacement restrictions 
are set to zero. Only the displacement is restricted not the rotation. Note that the support 
structure in practise should provide sufficient surface area to distribute stresses. Vertices on 
the sides of the model are restricted from moving in either x- or z-direction, see Figure 4.33. 

 

Figure 4.33: Displacement restrictions II-profile 

 

The C-profile uses the same support, displacement restriction in y-direction, on one end and 
makes use of a frictionless support on the other. The frictionless support is applied on the 
left end, which would be in the middle of the 7,2 m span. Restrictions for moving in x- and 
z-direction are enforced by the frictionless supports used for the symmetry of the model. All 
faces located in the middle of the web are supported by a frictionless support and for the 
faces located at the hollow cores only those of the cross-layers are supported. This is done 
because these are the only ones that actually got cut-off, the boards in longitudinal direction 
end precisely in the middle of the cross-span and there is no edge bond present. 

The frictionless supports of the C-profile can be seen in Figure 4.34, only boards that are 
cut-off are supported. 

 

Figure 4.34: Frictionless supports C-profile 
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4.3.5.2 Standard earth gravity & pressure 
The loading depends on the weight of the element, floor covering and the live load. The 
density of the timber is known and supplied into the engineering data. Standard earth gravity 
is then used to introduce the self-weight onto the element. The floor covering and live load 
are modelled with a pressure applied on the top face of the element. 

The standard earth gravity and pressure, that are applied to the model, can be seen in Figure 
4.35. 

 

Figure 4.35: Loading situation 

 

4.3.6 Solution and results 

The models are simply supported and loaded by a uniformly distributed load. The shear and 
moment distribution for such a configuration can be seen in Figure 4.36. Maximum 
deformation and normal stresses will occur in the middle of the span, for the model of the 
C-profile this is the left end. The Shear stress is maximum at the supports. 

 

Figure 4.36: Shear & moment distribution, simply supported structure under uniformly loading condition 

  



Modelling & Structural analyses 

 

MSc Thesis by Bart van Aken | 77 

 

4.3.6.1 Deformation 
The deformation of the C-profile can be seen below. This is the deformation for the model 
with proper bond in the flanges over the hollow cores. Maximum deformation occurs on the 
left end of the model, this is where the model is supported by frictionless supports, located 
in the middle of the 7,2 m span. 

   

Figure 4.37: Deformation 

 

The deformation in the middle of the span is 18,4 mm. This is the instantaneous deformation. 
Additional factors for creep and time further determine the final deformation. 

In paragraph 4.2 where the behaviour during manufacturing is investigated, it was found that 
without taking any measures for the pressing procedure the bond in the flanges would not 
be adequate. To see what the effect of this would be, a model was analysed with contact 
options as described in paragraph 4.3.4. This resulted in a deformation almost twice as high. 
Showing that when there is no bond present in the flanges the “loose” boards contribute 
little to the capacity of the element. 
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4.3.6.2 Normal stress 
The model is spanning in z-direction and as a result of this the maximum normal stresses 
can be found in this direction. The maximum normal stress occurs where the moment is 
largest, for a simply supported configuration this is in the middle of the span. Figure 4.38 
shows the normal stress distribution for the C-profile. 

 

Figure 4.38: Normal stress distribution in z-direction 

 

In Figure 4.39, the cross section halfway the span is shown. There is a small discontinuity in 
normal stress between boards in the top and bottom layers. This discontinuity is due to the 
fact that there is no edge bond present between boards. The contribution of the boards 
located in the flange is slightly less than that of the boards located directly above the web. 

    

Figure 4.39: Normal stress distribution in z-direction and the effective width of the flange 

 

Due to shear deformations, the normal stresses in the flanges are not uniformly distributed. 

The contribution of the boards, oriented in longitudinal direction and located in the flange, 
can be defined as a percentage that translates in the effective width of the flange. In the 
middle of the span the effective width is 96,5 %. Going from the middle of the span closer 
to the support the effective width slightly decreases, showing an effective width of more than 
95 % at a quarter of the span. 
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The normal stress distribution in z-direction shows individually stressed boards in the cross-
layers. This indicates that suppressing the contact regions on the narrow faces of the boards 
has the desired effect, resulting in no edge bond. 

 

Figure 4.40: Normal stress distribution in z-direction for the top cross layer 

 

The transverse layers, spanning the hollow cores, are stressed in x-direction. Figure 4.41 
shows the distribution for the II-profile. The distribution of stress in the C-profile is 
somewhat influenced by the frictionless supports. The boards in the middle of the model 
show a distribution expected to see for a board spanning over two supports and loaded in y-
direction. The boards closer to the support show higher stresses and an influence by the 
shear stress. 

There is also a difference between the cross-layers near the top of the element and those near 
the bottom. Since the cross-layers near the top are almost directly subjected to the pressure 
applied on top of the model, they show a larger deflection and higher normal stresses. 

 

Figure 4.41: Normal stress distribution in x-direction for the top cross layer 
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4.3.6.3 Shear stress 
The shear stress found for a simply supported span loaded with a uniformly load is largest at 
the supports. The shear distribution shown in Figure 4.36 can be compared to the shear 
distribution found in the yz-plane for the model in ANSYS. 

The cross-layers transfer the stress from the outer layers, including flanges, to the web. This 
is done through rolling shear, for the shear in the yz-plane, see Figure 4.42. 

 

    

Figure 4.42: Shear stress distribution in the yz-plane 

 

A similar shear distribution, as shown in Figure 4.43, can be found for an I-beam, which 
could be expected. Small peak stresses are located at the corners of the hollow cores, but are 
still within the limits. The average distribution is similar to that found with the calculations 
for the design methods, the main differences are the peak stresses due to the 3D 
configuration and the fine mesh, used to perform the analysis. 

The maximum shear, excluding some small peak stresses, occur in the middle layer. Values 
of approximately 0,4 N/mm2 are found. The shear stress in the cross-layers, which are 
stressed in rolling shear, are approximately 0,2 N/mm2, with a peak reaching 0,45 N/mm2. 

     

Figure 4.43: Shear stress distribution in the yz-plane 
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As mentioned in paragraph 4.3.6.2, the normal stresses in the flanges are not uniformly 

distributed, due to the shear deformations. 

The contribution of the boards, oriented in longitudinal direction and located in the flange, 
can be defined as a percentage that translates in the effective width of the flange. In the 
middle of the span the effective width is 96,5 %. 

The boards are stressed in shear in the xz-plane and this causes torsion between the boards 
in longitudinal and transverse direction located in the flanges. The difference in stress 
between the surfaces of the boards result in the 3,5 % loss in capacity. 

 

Figure 4.44: Shear stress distribution in the xz-plane for the top cross-layer 

 

   

Figure 4.45: Shear resulting in torsion between boards in the flanges 
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The cross layer is stressed in the xy-plane under longitudinal shear. Although timber has a 
higher tolerance for longitudinal shear when compared to rolling shear, in the design of 
HCCLT the cross layer needs to transfer stress from the flange over into the web and this is 
done through longitudinal shear. 

The maximum shear, excluding some peak stresses, occur in the cross-layers. Values of 
approximately 0,9 N/mm2 are found. The shear stress in the longitudinal-layers, which are 
stressed in rolling shear, are approximately 0,1 N/mm2. 

    

Figure 4.46: Shear stress distribution in the xy-plane 

 

4.3.6.4 Modal analysis 
The first two modal shapes result in frequencies of 8,6 Hz and 24,3 Hz. The fundamental 
frequency derived with the simple calculation from the EC 5 is 6,9 Hz. 

The design tables from Derix include designs for floors with frequencies of 6 Hz and 8 Hz. 
This is close to that found in the analysis. These frequencies, according to the national annex 
to the EC 0, cannot be induced by people walking or dancing and are assumed not governing 
the design. 

   

Figure 4.47: First two fundamental frequencies and modal shapes 
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4.3.7 Comparison 

When comparing the results obtained with the design methods in chapter 3, the results are 
very similar. Again the deformation is governing, with the model showing 18,4 mm 
compared to 18,1 mm for the instantaneous deformation derived with the calculations. 

The stress distribution is somewhat different due to the 3D model, but looking at the mean 
distribution similar results are observed. The mean normal stress distribution is sketch in 
Figure 4.48, and comes closest to the distributions found with the shear analogy. The 
maximum normal stress is 5,7 N/mm2, which is very close to the 5,8 N/mm2 found in the 
calculations. 

 

Figure 4.48: Normal stress 

 

The distribution of shear stress is similar to that found with the calculations for the 
mechanically jointed beams theory and the shear analogy. The results from the model 
analysed in ANSYS does show some peak stresses located at the edges of individual boards, 
however the overall stress distribution shows a maximum stress of less than 0,4 N/mm2 
compared to 0,37 N/mm2, again very similar. The shear stress due to the cooperating flanges 
in longitudinal direction shows a slightly larger difference. The cross layers are stressed by 
the transfer of normal force in longitudinal direction from the flange to the web. The model 
shows a maximum stress of 0,9 N/mm2 while the derived stress in chapter 3 is 1,075 N/mm2. 

4.3.8 Conclusion 

This paragraph analysed the behaviour of a HCCLT element in use. The analysis performed 
to determine the behaviour during pressing showed that not supporting the structure results 
in no or an inadequate bond between layers in the flanges. The solutions in this paragraph 
show that not providing a proper bond in the flanges is not an option, it results in 
deformations and stresses that become much higher. The “loose” boards contribute very 
little. 

The mesh size is limited by the overall size of the model. Comparing the results from the 
two models, with different mesh sizes, shows no significant difference in deformation or 
stress distribution. The results of the C-profile are slightly more accurate and the peak 
stresses become higher, but the final result is not impacted. 

The results obtained in this paragraph are similar to those derived with the calculations in 
chapter 3. The deformation is still governing the design but not exceeding the maximum 
allowed deformation. While the normal and shear stresses show a similar distribution with 
somewhat lower values.  





Conclusions and recommendations 

 

MSc Thesis by Bart van Aken | 85 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

Answers to the research questions of this thesis will be presented in this chapter and 
recommendations are given for further study or to provide additional inside. 

 

What advantages can be realized with Hollow Core Cross-Laminated Timber systems? 

What are the consequences of the manufacturing process on the configuration and dimensions of the 
hollow cores? 

What effect will the hollow cores have on the structural properties of an element? 

What effect will different dimensions of the hollow cores have on the economical use of material? 

 

5.1 CONCLUSIONS 

▪ The mechanical behaviour of a HCCLT element during the manufacturing process, 
as described in chapter 2 and paragraph 4.2, shows it is not possible to press an 
element without taking additional measures. The normal stress is not evenly 
distributed over the element and there is no adequate bond realized at the location 
of the flanges. High shear stresses located at the corners of the hollow cores further 
add to the problem. 
 
The configuration and dimensions of the hollow cores is not limited by the 
manufacturing process. The maximum size of an element is still 17,8 m in length and 
3,5 m in width, with a thickness of 400 mm. However, the hollow cores do have an 
impact on the manufacturing process, since support structures are necessary during 
the pressing process. 

 

▪ There are a variety of different methods used to design CLT structures. The three 
most used are researched and described in order to then be used to calculate three 
different configurations. One of these configurations concerns a HCCLT element. 
 
The results obtained with the design methods and the analysis performed in ANSYS  
show very similar results. In most cases the ANSYS models shows slightly lower 
values, making the design methods a little more conservative. The conclusion based 
on this work is that the design methods are a good starting point for the design of 
CLT as well as for HCCLT. 
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While the composite method does not account for shear deformation and both the 
mechanically jointed beams theory and the shear analogy do, the outcome shows 
little difference, concerning the stresses, deformation, etc. With the mechanically 
jointed beams theory from the EC 5 as the most conservative, showing the lowest 
effective bending stiffness. In the case of these specific configurations the choice of 
design method does not significantly influence the result. 
 
When comparing HCCLT to the traditional configuration of CLT the effective 
bending stiffness shows no significant influence by the reduced cross-sectional area. 
The HCCLT configuration does show larger values for shear. Because of the hollow 
cores there is less material in the middle of the element, resulting in shear stresses 
between 2 to 3 times higher compared to the other configurations. Still the values 
are well within the limits. 
 
An extra shear check is performed on the HCCLT configuration, for the 
configuration calculated in chapter 3 this is not governing the design. However, the 
values are such that it may influence the thickness of the cross-layers for other 
specific cases and should be looked into. 
 
The already small contribution of the dead weight to the loading is not altered much 
by the reduced net cross-sectional area of the HCCLT configuration and as a result 
does not significantly affect the fundamental frequency. 

 

▪ Optimisation of material usage is possible. 
 
The possible size of the hollow cores depends on the length of the span, loading 
situation and element configuration. In the case of examples two and three from 
chapter 3 a reduction of more than 30% for the net cross-sectional area is realised 
with the hollow cores. The effective bending stiffness is almost the same, showing a 
much more efficient use of material. 
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5.2 RECOMMENDATIONS 

▪ To produce HCCLT by pressing it in its entirety an support structure is needed 
during pressing. Based on this work the whole flange needs to be supported. 
Increasing the thickness of the cross-layers showed a slight improvement in stress 
distribution. When a standard configuration is determined, regarding the length of 
the span, loading situation, etc. the cross-layer thickness, support structure and 
possibly other additional influential factors should be optimized. 
 
Some manufacturers use vacuum presses. It is recommended to investigate the 
possibilities of this pressing process for the production of HCCLT. The theoretical 
maximum pressure is significantly lower and this could have an impact on the 
structural properties. However, when part of the mould, airbag or tarp could be 
placed inside of the hollow cores, the pressure should be equal over the whole 
element. And after the pressure is relieved easy to remove. 

 

▪ The HCCLT configuration analysed in this thesis shows almost the whole flange 
contributing to the capacity of the element. And the effective width is further 
improved when an edge bond is realized between boards in the outer layers. When it 
is favourable to increase the size of the hollow cores this should be taken into account 
for optimizing the configuration. 
 
The cross-layer is loaded in shear in order to transfer the stress from the outer layers, 
including those in the flanges, to the web. Making the cross-layer thicker slightly 
improves the distribution of stress during the manufacturing process. However, a 
thicker cross-layer influences the behaviour of the element. The gamma factor used 
in the mechanically jointed beams theory is partially affected by the thickness of the 
cross-layer. This has to be taken into consideration. 

 

▪ It would be highly recommended to calculate and test multiple configurations. From 
the results in this work it appears that the calculation methods are close to reality. 
Note that this is one configuration of infinitely many, with a relatively large span over 
depth ratio.





 

MSc Thesis by Bart van Aken | 89 

 

REFERENCES 

 

[1]  H. Blass, P. Aune, B. Choo, R. Görlacher, D. Griffiths, B. Hilson, P. Racher and G. 
Steck, Timber Engineering STEP 1, Almere: Centrum Hout, 1995.  

[2]  United States Department of Agriculture, Forest Service, Forest Products Laboratory, 
Wood handbook - Wood as an Engineering Material, Madison, WI:US, 2010.  

[3]  NZ Wood, “Wood composition,” [Online]. Available: 
http://www.nzwood.co.nz/learning-centre/forests-and-wood-wood-structure-and-
features/. [Accessed May 2016]. 

[4]  University of Cambridge, “The structure and mechanical behaviour of wood,” january 
2008. [Online]. Available: http://www.doitpoms.ac.uk/tlplib/wood/index.php. 
[Accessed May 2016]. 

[5]  Wikipedia, “Wood grain,” [Online]. Available: 
https://en.wikipedia.org/wiki/Wood_grain. [Accessed May 2016]. 

[6]  T. Caspar, “Knots,” Popular Woodworking, January 2010. [Online]. Available: 
http://www.popularwoodworking.com/projects/knots. [Accessed May 2016]. 

[7]  M. Green, “The Case For Tall Wood Buildings,” mgb Architecture and Design, 
Vancouver, 2012. 

[8]  Bouwlogie, “Kanaalplaatvloer,” January 2014. [Online]. Available: 
http://www.bouwlogie.nl/kanaalplaatvloer/. [Accessed October 2016]. 

[9]  Studiengemeinschaft Holzleimbau e.V., Bauen mit Brettsperrholz, 2010.  

[10]  W.u.J. Derix GmbH & Co, Cross-laminated timber - Large-format construction 
components for roofs, ceilings and walls XXL.  

[11]  FPInnovations, CLT Handbook: cross-laminated timber U.S. ed., 2013.  

[12]  L. Evans, “Cross Laminated Timber - Taking wood buildings to the next level,” 
American Wood Council, [Online]. Available: 
http://www.awc.org/pdf/education/mat/ReThinkMag-MAT240A-CLT-131022.pdf. 
[Accessed June 2016]. 

[13]  S. Smith, “CLT - Cross Laminated Timber or Consumes Lot of Timber,” Smith and 
Wallwork Engineers, February 2013. [Online]. Available: 
http://www.smithandwallwork.com/wp-



 

90 | MSc Thesis by Bart van Aken 
 

content/uploads/2013/02/SaW_Solid_Wood_Solutions_Feb_2013.pdf. [Accessed 
November 2015]. 

[14]  H. de Groot and M. Verbiest, “Kantoorgebouw in kruislaaghout,” Het Houtblad, May 
2015. [Online]. Available: 
http://www.houtblad.nl/Nieuws/Kantoorgebouw_in_kruislaaghout-150513080554. 
[Accessed January 2016]. 

[15]  W.u.J. Derix GmbH & Co, “Timber in a New Dimension,” Derix, [Online]. Available: 
http://www.derix.de/en/. [Accessed January 2016]. 

[16]  D. Prestemon, “Kiln drying of lumber,” Iowa State University, November 1999. 
[Online]. Available: 
https://www.extension.iastate.edu/forestry/publications/PDF_files/F-328.pdf. 
[Accessed January 2016]. 

[17]  J. Negreira, „Vibrations in lightweight buildings - perception and prediction,” Lund, 
2013. 

[18]  F. Colling, „Creep behavior of cross laminated timber in service class 2,” Institut für 
Holzbau, Augsburg. 

[19]  European Committee for Standardization, „Eurocode 5: Design of timber structures - 
Part 1-1: General - Common rules and rules for buildings. NEN-EN 1995-1-1+C1+A1 
(nl),” 2011. 

[20]  European Committee for Standardization, „Eurocode: Basis of structural design. 
NEN-EN 1990+A1+A1/C2 (nl),” 2011. 

[21]  European Committee for Standardization, „National Annex to NEN-EN 
1990+A1+A1/C2: Eurocode: Basis of structural design. NEN-EN 
1990+A1+A1/C2/NB (nl),” 2011. 

[22]  H. van Koten en P. Hoogenboom, „Vibrations of machine foundations and 
surrounding soil”. 

[23]  European Committee for Standardization, „Eurocode 5: Design of timber structures - 
Part 2: Bridges. NEN-EN 1995-2 (nl),” 2005. 

[24]  „Trillingen van vloeren Ontwerprichtlijn,” Research Fund for Coal & Steel, 2008. 

[25]  H. Blass and P. Fellmoser, “Influence of rolling shear modulus on strength and stiffness 
of structural bonded timber elements,” 2004. 

[26]  P. Mestek, „Berechnung und Bemessung von Brettsperrholz - ein Überblick. aus 
[Mestek/Winter 2010],” 2011. 

[27]  Technical Committee CEN/TC 124 "Timber structures", „Timber structures - Cross 
laminated timber - Requirements. FprEN 16351:2013,” 2014. 

[28]  H. Blass and P. Fellmoser, “Design of solid wood panels with cross layers”. 



 

MSc Thesis by Bart van Aken | 91 

 

[29]  Deutsches Institut für Bautechnik, „European Technical Approval. ETA-11/0189,” 
2013. 

[30]  S. Winter, H. Kreuzinger en P. Mestek, „Teilprojekt 15. Flächen aus Brettstapeln, 
Brettsperrholz und Verbundkonstruktionen,” 2009. 

[31]  H. Blass, J. Ehlbeck, H. Kreuzinger and G. Steck, Erläuterungen zu DIN 1052: 2004-
08 Entwurf, Berechnung und Bemessung von Holzbauwerken 2. Auflage inkl. 
Originaltext der Norm, München: DGfH innovations- und Service GmbH, 2005.  

[32]  H. Kreuzinger and P. Mestek, “Anwendung und Berechnung von Brettsperrholz - 
Normen, Zulassungen, Anwendungsbereiche”. 

[33]  G. Schickhofer, T. Moosbrugger, R. Jöbstl, B. Hasewend and G. Traetta, “Entwicklung 
des Brettsperrholzes - Ein Blick auf Forschung und Entwicklung für ein Produkt mit 
Zukunftspotenzial”. 

[34]  P. Dietsch, H. Kreuzinger en S. Winter, „Design of shear reinforcement for timber 
beams”. 

[35]  European Committee for Standardization, „Eurocode 1: Actions on structures - Part 
1-1: General actions - Densities, self-weight, imposed loads for buildings. NEN-EN 
1991-1-1+C1 (nl),” 2011. 

[36]  ANSYS, „ANSYS Training Manual - Chapter 3 - Advanced Contact,” 2005. 

[37]  T. Moosbrugger, W. Guggenberger and T. Bogensperger, “Cross-Laminated Timber 
Wall Segments under homogeneous Shear - with and without Openings,” 2006. 

[38]  T. Bogensperger, T. Moosbrugger and G. Silly, “Verification of CLT-plates under loads 
in plane,” 2010. 

[39]  ANSYS, „ANSYS Meshing User's Guide,” 2013. 

 

 

 

 





 

MSc Thesis by Bart van Aken | 93 

 

APPENDICES 

 

 





 

MSc Thesis by Bart van Aken | 95 

 

A ABMESSUNGEN UND AUFBAU VON X-LAM-
STEGPLATTEN 





 

MSc Thesis by Bart van Aken | 97 

 

 

 

 





 

MSc Thesis by Bart van Aken | 99 

 

B PRODUCT INFORMATION GRIPPROTM PLUS 





 

MSc Thesis by Bart van Aken | 101 

 

 



 

102 | MSc Thesis by Bart van Aken 
 

 



 

MSc Thesis by Bart van Aken | 103 

 

 



 

104 | MSc Thesis by Bart van Aken 
 

 



 

MSc Thesis by Bart van Aken | 105 

 

 



 

106 | MSc Thesis by Bart van Aken 
 

 



 

MSc Thesis by Bart van Aken | 107 

 

 



 

108 | MSc Thesis by Bart van Aken 
 

 



 

MSc Thesis by Bart van Aken | 109 

 

 



 

110 | MSc Thesis by Bart van Aken 
 

 

  



 

MSc Thesis by Bart van Aken | 111 

 

  





 

MSc Thesis by Bart van Aken | 113 

 

C DESIGN TABLES 
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Design tables provided by manufacturers can be used as a starting point. The tables show 
possible configurations and indications based on span and loading. 

  

Figure 0.1: Possible configurations 

Source: [10] 
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The tables can help to plan your projects, but they do not replace structural calculations. 
[10] 

 

Figure 0.2: Design table  - ceiling - single span 

Source: [10] 

 

  



 

MSc Thesis by Bart van Aken | 117 

 

 





 

MSc Thesis by Bart van Aken | 119 

 

D CALCULATIONS 
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